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Abstract 
In this work, the deformation behaviour of Ti-6Al-4V micro-pillars was studied 
systematically via compression tests at room temperature and detailed dislocation 
analyses using transmission electron microscopes (TEM). Micro-pillars with the 
diameters ranging from 0.5 µm to 5 µm were prepared using the focused ion beam 
(FIB). These pillars contain either the single α phase or both α and β phases. The 
pillars were prepared such that the compression loading directions are along either 
[11̅00] or [0001] in order to activate either <a> or <c+a> slips. 
The sample size effect on the yield strength has been observed in all groups of 
micro-pillars. When compressed along [11̅00], the critical resolved shear stress 
(CRSS) of a prismatic slip measured from the single α phase micro-pillars increases 
from 336 MPa to 487 MPa as the pillar diameter decreases from 5 μm to 0.5 μm. 
The result can be fitted using the power law relationship with the exponent n = 0.61. 
When compressed along [0001], the CRSS of the <c+a> slip measured from the 
single α phase micro-pillars increases from 1036 MPa to 1147 MPa as the pillar 
diameter decreases from 5 μm to 0.5 μm. The exponent n = 0.12 for the power law 
relationship could be identified. The stress-strain curves recorded from the single α 
phase pillars tend to have more obvious serrations than the two-phase pillars. 
The micro-pillars containing both α and β phases have lower yield stresses than 
their counterparts containing α single phase. Furthermore, the larger the volume 
fraction of the β phase in the pillar, the lower the yield stress. The two-phase micro-
pillars show a stronger sample size effect on the yield strength with the power law 
exponent 0.50 when compressed along [0001] and 0.11 when compressed along 
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[11̅00]. The serration on the stress-strain curves observed in the α single phase 
pillars seems suppressed in the two-phase micro-pillars.  
TEM analysis shows that in all micro-pillars compressed along [11̅00], regardless 
of the existence of the α/β interface, the a1 prismatic slip is the dominant slip system. 
In micro-pillars compressed along [0001], both 1st order and 2nd order pyramidal 
<c+a> slip systems can be observed after 2% strain. However only 2nd order 
pyramidal <c+a> slip can be identified at the edge of the heavily deformed area 
when compressed to 7% strain. The dislocation densities were measured at different 
strain level and dislocation interaction the α/β interface were investigated vis-a-vis 
the observation obtained from the micro-mechanical tests in the SEM.  
Combining the micro-mechanical tests results and STEM analysis, the influence of 
β phase and the α/β interfaces on the strength of micro-scale samples are 
demonstrated. The β phase is proved weaker than the α phase and the α/β interfaces 
behaviour as both the barriers and sources of dislocations. The magnitude of 
influence depending on the volume fraction, orientation and morphology of the β 
phase and the α/β interfaces. The work-hardening rate is related to the orientation 
of micro-pillars and the α/β interfaces in the micro-pillars. The strain bursts can be 
suppressed by the α/β interface and smaller sample size. The sample with smaller 
size expressed the larger strain burst in the stress-strain curves. The orientation 
influences the number and magnitude of strain bursts. 
 
Keywords: Titanium alloy; Micro-pillar compression; Interface; Size effect; 
Critical resolved shear stress   
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Chapter 1 Introduction 
From a certain perspective, the human is pushing the boundaries of science in two 
opposite directions, extremely huge or extremely tiny. In the theories of classical 
mechanics, the mechanical properties of materials are independent of sample 
dimensions. However, experimental and simulation results in the past decades 
indicate that the mechanical properties of crystal perform differently when sample 
dimensions reduce to the micron scale, which is known as the sample size effect [1, 
2]. In the aspect of strength, the sample size effect observed is aligned with “smaller 
is stronger” [3]. 
Generally, in-situ electron microscopy has become a popular method for the sample 
size effect investigation as it offers the opportunity to study the response of the 
material to stimuli in real time. It is essential to understand the mechanical 
behaviour of materials for small-scale applications such as micro-electro-
mechanical-system (MEMS) or nano-electro-mechanical-system (NEMS) which 
are widely used as sensors or actuators (e.g. shown in Figure 1-1) [4]. Aerospace 
applications are another field which requires the knowledge of micro-scale 
deformation [5]. 
Titanium alloys are not only used in aero-engines, they also have the potential to be 
used at micro-scale [6]. Although titanium alloys have some disadvantages in 
industrial production compared with the silicon which is mostly used in the MEMS, 
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their high mechanical performance and good biocompatibility make them a good 
choice in some circumstances, such as medical applications.    
There are many methods of investigating the sample size effect on strength such as 
uniaxial micro-tensile test, micro-cantilevers bending test or uniaxial micro-pillars 
compression test, as shown in Figure 1-2 [7]. Uchic and Dimiduk [8] developed the 
widely used methodology of investigating the crystal plasticity of Ni micro-pillar 
samples via micro-compression test. Micro-pillars of different diameters can be 
fabricated using a focused ion beam (FIB) and deformed using a nano-indenter or 
other similar sensitive mechanical test machines with a flat-ended probe.  
Ti-6Al-4V, the most widely used titanium alloys, has been extensively studied at 
the macroscopic scale. However, there is not enough research at the micro-scale.  
The thesis will focus on the study of Ti-6Al-4V micro-pillars and mainly answer 
the questions in the following questions: 
1) What is the relation between the yield strength and the diameter of Ti-6Al-4V 
micro-pillar? 
2) How does the Ti-6Al-4V crystal orientation affect the yield strength at the 
micro-scale? 
3) How does the α/β interface affect the sample size effect on the strength in Ti-
6Al-4V micro-pillars? 
4) What are the reasons for the observed sample size effect in Ti-6Al-4V micro-
pillars? 
The thesis lays out in the following chapters: 
 3 
 
Chapter 2 gives a brief introduction on Ti-6Al-4V and Chapter 3 is the literature 
review on the sample size effect on strength of crystalline materials during plastic 
deformation. Chapter 4 contains the material preparation, experiment process, and 
techniques used in the study. Chapter 5 contains the sample size effect on strength 
obtained and SEM images of the micro-pillars before and after the compression 
tests. Chapter 6 contains the detailed dislocation analysis obtained from these 
deformed micro-pillars using STEM. Chapter 7 is the discussion of the mechanical 
test results and TEM analysis. Conclusions and future work are in Chapter 8. 
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Figure 1-1 Titanium comb drive actuator in SEM [9] 
 
 
 
Figure 1-2 SEM images of (a) a micro-tensile sample, (b) a micro-cantilever and (c) a micro-pillar 
[7, 10, 11] 
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Chapter 2 Titanium alloy 
In chapter 2, the crystal structures, microstructure and slip systems of titanium and 
α+β titanium alloys are introduced. For a better understanding of the role of 
interface in the following chapters, the structure of the α/β interface in titanium 
alloy is explained. 
2.1 Introduction to titanium and its alloy 
Ti-6Al-4V (wt. %), significantly stronger than commercially pure titanium, is the 
most commonly used titanium alloy [12]. It has a good combination of specific 
strength (strength/density ratio), toughness, ductility, fatigue strength and stability 
at temperatures up to 400°C. It not only has outstanding mechanical properties but 
also has excellent biocompatibility, which makes this alloy widely used in both 
aero-industrial and biomedical applications [13]. Micro-electro-mechanical-
systems (MEMS) represent a broad class of devices whose defining characteristics 
are their micrometre-scale size and electro-mechanical functionality. They are used 
in many micro-sensors or actuators. Their utility arises largely due to their small 
dimensions, which enable exceptional sensitivity for sensing and high precision 
movement for actuation [4]. Recent developments have allowed for the realization 
of bulk titanium MEMS for devices that require higher fracture toughness and/or 
resistance to harsh environments [14]. Titanium alloys are attractive as the 
structural materials in MEMS, which will usually experience plastic deformation. 
The experimented data for macro-scale materials are not appropriate for the design 
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of micro-scale components because there is the sample size effect. Therefore, it is 
necessary to study the performance of titanium alloys at the micro-scales.  
2.2 Crystal structure and microstructure of Ti-6Al-4V 
Titanium has two allotropic structures: α, which has a hexagonal close-packed 
(h.c.p.) structure and β with a body-centered cubic (b.c.c.) structure [15]. The crystal 
structures of α phase and β phase are shown in Figure 2-1. The h.c.p. crystal 
structured α phase, at the room temperature, has the lattice parameters of a = 
0.295 nm and c = 0.468 nm, the three most densely packed planes are the (0002) 
plane (the basal plane); the three {1010} planes (the prismatic planes) and the six 
{1011} planes (the pyramidal planes). The three <112̅0> direction (the a1, a2, and 
a3 axes) are the close-packed directions. The β phase with b.c.c. crystal structure 
has six most densely packed {110} planes and the lattice parameter a = 0.332 nm 
at 900 °C. The most closely packed directions are <111> directions [16]. 
Elements that when dissolved in titanium increase its α-β transformation 
temperature (the -transus temperature) with increasing solute content are known 
as α stabilizers. α stabilizers are often simple metals (e.g. Al) or interstitial elements 
(e.g. O, N, and C). Alloying elements that decrease the β-transus temperature are 
referred to as β stabilizers and they are generally the transition metals (e.g. V and 
Mo) and noble metals [17]. Based on the relative amounts of the α and β phases, 
titanium alloys are generally classified as α alloy, β alloy and α+β alloy [18], as 
shown schematically in the phase diagram in Figure 2-2. 
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Ti-6Al-4V is classified as an α+β titanium alloy. The mechanical properties of 
titanium alloys usually depend on their microstructures developed during the 
thermo-mechanical processing. Generally speaking, three types of microstructures 
can be commonly obtained in α+β alloys: fully lamellar, bi-modal (duplex) and fully 
equiaxed, as illustrated in Figure 2-3. These microstructures can be achieved via the 
control of four different steps of thermo-mechanical processing: homogenization in 
the β phase field (I), deformation in the α+β phase field (II), recrystallization (III), 
and the final ageing and/or stress relieving treatment (IV). The difference in the 
processing route for these microstructures is mainly produced in step III. The fully 
lamellar microstructure consists of fine α and β phase lamellae and is often obtained 
by in step III an annealing treatment in the β phase field, which is usually kept 
within 30-50 °C above the β-transus temperature (1000 ± 20 °C for Ti-6Al-4V) to 
control the β grain size. The bi-modal microstructure contains equiaxed primary α 
(αp) in a lamellar α+β matrix and it is formed in recrystallization in the α+β phase 
field. If the cooling rate from the bi-modal recrystallization annealing temperature 
is sufficiently low, only equiaxed αp grains will grow during the cooling process 
and no α lamellae are formed within the β grains. This is one possible way to obtain 
the equiaxed microstructure [16, 19]. 
The microstructural features in an α+β titanium alloy depend on the cooling rate, 
because of the characteristic features of the lamellar microstructure, such as the size 
of the α lamellae (α plates), the α colony size, and the thickness of α layers at β 
grain boundaries all decrease with increasing cooling rate [16]. As shown in Figure 
2-2, when a titanium alloy is cooled down across the β-transus temperature [20], a 
β to α phase transformation will occur. When the titanium alloy is heat-treated to 
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above the transus temperature and then cooled in air, a fine lamellar structure can 
be obtained in Figure 2-4 (a) shows. When the cooling rate is slower, such as 
cooling in furnace or vermiculite, the α and β lamellas will grow coarser as shown 
in Figure 2-4 (b). When a titanium alloy is rapidly cooled from the β region, the α' 
phase can be obtained from the β phase region by a martensitic reaction. For Ti-
6Al-4V, the change from a colony type of microstructure to a martensitic structure 
needs the cooling rate higher than 1000 °C/min. Figure 2-4 (c) shows the α' phase: 
an acicular martensite [16, 21].  
2.3 Slip systems and critical resolved shear stress in Ti-6Al-
4V 
At room temperature, the macroscopic plastic deformation of α+β titanium alloys 
often results from the dislocation slip in two phases [16]. Although twinning is 
another important deformation mode of CP titanium and some α titanium alloys, it 
is significantly suppressed in two-phase α+β titanium alloys by small phase 
dimensions, high solute content and the presence of precipitates [16].  
The various slip directions and slip planes in α titanium are indicated in its 
hexagonal unit cell in Figure 2-5. There are <a> type slip systems, including three 
basal slip systems, three prismatic slip systems ({101̅0} slip planes), and six 1st 
order pyramidal slip systems ( {101̅1}  slip planes), and with Burgers vectors 
⅓<112̅0>. In addition, <c+a> type slip systems with Burgers vectors ⅓<112̅3> on 
{101̅1} 1st order pyramidal and {112̅2} 2nd order pyramidal slip planes have also 
been reported [22]. The typical slip planes in the b.c.c. structured β phase are {110}, 
{112}, and {123}, all with ½<111> type of Burgers vector [16, 23].  
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In response to an applied stress, the most favourably oriented slip system in a crystal 
will be activated when its critical resolved shear stress (CRSS) 𝜏𝐶𝑅𝑆𝑆 is reached. 
CRSS represents the minimum shear stress required to initiate the dislocation slip, 
and is generally regarded as a material property [19]. 𝜏𝐶𝑅𝑆𝑆 = 𝜎𝑚, in which 𝜎 is the 
applied stress and m is termed Schmid factor. Schmid factor writes 
m = cosφcosλ             (Equation 2-1), 
where φ is the angle between the loading direction and the slip direction, and λ is 
the angle between the loading direction and the normal direction of slip plane. It is 
apparent that the primary slip system activated will often be the system with the 
greatest Schmid factor for the same CRSS. However, Schmid factors are not always 
restrictive to predict activation of slip systems because of some factors such as local 
size or morphology of microstructure or neighbouring crystallographic texture et al. 
affect the activation of slip systems [22]. Jones and Hutchinson [24] systematically 
activated all the possible slip systems in the highly textured bulk Ti-6Al-4V sample. 
The values of CRSS are strongly dependent on the alloy content and on the test 
temperature. At room temperature, there are small differences in CRSS between 
<a> type slip systems, in a ranking sequence from low to high: (101̅0) < (101̅1) < 
(0001). The CRSS for <c+a> slip systems are much higher than that for the <a>  
type slip systems in single crystals Ti-6.6Al [16] and in polycrystalline Ti-6Al-4V 
as well [10, 25]. In the compression test [26], the <a> type prismatic slips can be 
activated most easily with the lowest CRSS of 392 MPa when compression along 
[101̅0]. Basal and pyramidal <a> slips were activated with higher CRSS as 444 
MPa and 404MPa when compressed along [101̅1]. Pyramidal <c+a> slip systems 
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were difficult to activate with CRSS as high as 631 MPa for 1st order pyramidal 
planes {10 1̅1 } when compressed along [0001]. They have explained 
experimentally using TEM analysis and theoretically using finite element analysis 
(FEA) modelling that compression along [0001] direction tend to slip on {11̅01} 
the 1st order pyramidal planes rather than {112̅2} the 2nd order pyramidal planes in 
titanium and its alloys [26]. Later researches confirmed that <c+a> dislocation on 
the 1st order pyramidal planes were the main <c+a> slip systems in titanium alloys 
[10, 27, 28]. However, there were reports [29, 30] on the observation of {112̅2} the 
2nd order pyramidal planes in titanium and its alloys. This diversity will be analysed 
later in Chapter 6. 
2.4 α/β interface in Ti-6Al-4V 
In titanium alloys, the α/β interfaces observed at room temperature are formed after 
the β (b.c.c.) → α (h.c.p.) phase transformation. A schematic drawing of the 
structure and orientation of α/β interface is shown in Figure 2-6. Taking the α/β 
lamella microstructure as an example, the β phase filled the gaps between α lamellae. 
Crystallographically, the β matrix and the α lamellae assume the Burgers orientation 
relationship, i.e. (0001) α // (101) β, [21̅1̅0] α // [111̅] β [31]). In the literature, Burgers 
vectors in both phases that following this orientation relationship were defined 
customarily as a1 = 1/3[21̅1̅0], a2 = 1/3[1̅21̅0], a3 = 1/3[1̅12̅̅̅̅ 0], b1= 1/2[111̅], b2 = 
1/2[1̅11] [32]. The interfaces between α lamellae and β matrix consist of two sets 
of faces, namely the side face and the broad face [33]. These faces grow along two 
specific orientations: The side face usually lies parallel to the close-packed planes 
i.e. (0001) α and (110) β. The broad face is close to (4̅ 15 11̅̅̅̅  0) α and (11̅̅̅̅  13 11) β, 
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which is an irrational habit plane containing structural ledges aligned along a 
preferential direction which is known as the lattice “invariant line” [34] close to 
[7̅250]α and [3̅5̅3] β  [33, 35-37].  
The orientation of relationship can be explained using the “invariant line” theory 
proposed by Dahmen [34]. In the aspect of crystallography, the lattice 
correspondence at the interface, resulted from the b.c.c. → h.c.p. phase 
transformation, can be described by a b.c.c. unit cell of the β phase deformed by a 
transformation strain into an h.c.p. unit cell of the α phase, as shown in Figure 2-7. 
The transformation strain can be expressed mathematically by a transformation 
matrix A. According to the Burgers orientation relationship, a unique vector u on 
the close-packed plane of b.c.c. (101) plane may be rotated by an angle θ around the 
[101] and transformed into the vector u’ which preserved the length of |𝒖| in the 
close-packed plane of h.c.p. (0001) plane after the transformation. Usually length 
and angles will be distorted after such a transformation. If there is a rigid body 
rotation through an angle θ of the transformed h.c.p. crystal structure (described as 
a matrix R), which makes the vector u’ in the transformed h.c.p. crystal structure 
unrotated and unstretched compared with u in the b.c.c. crystal structure, this vector 
u will become a lattice invariant line. In this case, the invariant line is contained in 
both the transformed h.c.p. crystal structure and the parent b.c.c. crystal structure. 
Therefore, the α/β interfaces always contain the invariant line [38]. In Ti-6Al-4V, 
the lattice invariant line can be defined as shown in the appendix as the lattice 
[3̅5̅3] β // [7̅250]α by a rotation of 5.74° around the axis of [0001]α // [110]β. 
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The structure of the interface can be explained using the theory of coherency of 
interface [39-41]. Generally, an interface between two phases can be coherent, 
semi-coherent or incoherent. A coherent interface is defined as a boundary between 
two crystal structures where the mismatch in-between is accommodated completely 
by the elastic strain [41]. This is typically the case when there is a slight difference 
between the lattice parameters of two structures and the mismatch can be 
accommodated by the elastic strain along the interface. An incoherent interface is 
where two crystals are contacted rigidly and have no periodical structures [41]. If 
the mismatch between the lattice parameters of two structures is sufficiently large, 
such as across the broad face of the α and β phases in Ti-6Al-4V [13], the structural 
ledges/periodically distributed misfit dislocations along the interface may be 
formed, in addition to the elastic strain. If the ledges/misfit dislocations are 
separated sufficiently wide, the interface can be considered as semi-coherent [42]. 
In terms of Ti-6Al-4V, the structural ledges on the broad face reshuffle (resulting in 
large interface areas on low-energy planes and small areas on the connecting high-
energy planes as shown in Figure 2-6) to minimize the total interface energy along 
the broad face [33]. High-resolution TEM analyses have confirmed that the broad 
face is semi-coherent containing structural ledges [33, 42] rather than the planar 
interface which is (4̅ 15 11̅̅̅̅  0) α // (11̅̅̅̅  13 11) β in Ti alloys [37]. The structural ledge 
model is schematically shown in Figure 2-6 (b) with the view perpendicular to the 
side face showing the detailed orientation relationship between α, β and the 
structural ledge. This orientation relationship between α and β phases will be used 
to guide the sample preparation and analysing slip systems involved in the 
subsequent plastic deformation. 
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2.5 The role of α/β interfaces in plastic deformation 
The mechanisms of slip transmission across the interface in polycrystalline 
materials have been studied [43-47]. The slip activation criteria were found to be 
different at the macro-scale and at the local interfaces [43]. At the macro-scale, the 
slip system activation in a sample is usually determined by the Schmid factor [44]. 
However, at a local interface, there are other factors may have an effect on the 
activation and then slip transference [45]. During the plastic deformation, interfaces 
usually act as barriers to dislocation motion and cause dislocation pile-up and stress 
concentration. In other words, the plastic deformation often initiates on one side of 
the interface and with the subsequent work-hardening, the plastic flow starts on the 
other side of the interface [46]. Microscopically, the slip transference across the 
interface can be accomplished by one of the several different mechanisms, such as 
nucleation of new dislocations, direct transmission of dislocations or the absorption 
and desorption of dislocations into and out of the interface [47]. Generally, two 
geometric criteria for slip transference [44] should be met for easy slip transference: 
1) The angle between the incoming slip plane and the outgoing slip plane should be 
the minimum (angle θ in Figure 2-8). 2) The angles between the two Burgers vectors 
should also be at the minimum (angle φ in Figure 2-8) [47].  
In titanium alloys, the angle between the Burgers vectors in two phases are not 
always perfectly aligned and this plays an important role in the slip transmission 
across the interface. Mills et al. [25, 32, 48-51] have reported the influence of the 
α/β interface on different slip systems in the plastic deformation of bulk titanium 
alloys. Suri et al. [51] performed creep tests at the room temperature on α/β titanium 
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alloy Ti-5Al-2.5Sn-0.5Fe bulk samples extracted from different colonies and 
observed distinct <a> prismatic slip transmission behaviours in different colonies. 
In the colonies where a1 = 1/3 [21̅1̅0] prismatic slip was activated, the slip easily 
transferred from α phase to β phase as the corresponding slip system 1/2 [111̅](1̅21). 
In the colony where a2 = 1/3[1̅21̅0] prismatic slip was activated, edge dislocations 
piled up at the α/β interface, indicating a higher resistance to the slip transfer across 
the α/β interface. This anisotropy is believed to be the result of the misalignment of 
Burgers vectors in α and β phases. Savage et al. [25] performed further compression 
tests of a α/β titanium alloy along different orientations (using different colonies). 
Dislocations of a1, a2, a3 Burgers vectors on the basal plane were studied. It was 
found that the CRSS and strain hardening rates were different when different slip 
systems were activated. It was suggested that since there is the only 0.7° 
misorientation between a1 and b1 [32], a1 dislocations can transmit across the 
interface easily and therefore the lowest CRSS and strain hardening rate. As the 
misorientation between a2 and b2 increased to 11.1° [32], they noticed the increased 
amount of b2 dislocations piles-up in the β phase when slip transferred from β into 
α phase. When a3 on the basal plane was activated in α phase, large numbers of 
dislocations piled up within the α phase close to the α/β interface for there is no 
closely aligned Burgers vectors in the β phase for any possible slip transmission 
across the interface in this case. Mills et al. [32] observed that in Ti-5Al-2.5Sn-
0.5Fe the three <a> type Burgers vectors always aligned at particular angles to the 
broad face of the β lath structure, as predicted by the invariant line construction. 
The angle between the a1 and the broad face is always observed to be a shallow 
angle, close to 15°. Similarly, the a2 and a3 directions typically form angles of 75° 
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and 45°. Ding et al. [52] confirmed that the same orientation relationship exists in 
Ti-6Al-4V, as shown in Figure 2-9.  
Apart from the misorientation of Burgers vectors, the misorientation of slip plane 
is another factor can affect the slip transmission. Because of the Burgers orientation 
relationship  (0001) α // (101) β, [21̅1̅0] α // [111̅] β, [01̅10] α // [1̅21] β between the α 
phase and the β phase [31] shown in Figure 2-6 (b), the basal slip plane {0001} for 
<a> type dislocations in α phase and the corresponding {101} planes slip planes in 
β phase are parallel. Therefore, misorientation between the prismatic slip plane 
{01̅10} (perpendicular to the basal {0001} plane) for a1, a2, a3 dislocations in α 
phase and the corresponding {1̅21} slip planes in β phase (perpendicular to the basal 
{101} plane) are same as the misorientation of between corresponding Burgers 
vectors. 
Compared with the well-studied <a> type slip systems transmission, few papers 
[10, 53] reported <c+a> slips transmission through interfaces as they are more 
difficult to be activated than <a> type slip systems in the bulk samples. However, 
<c+a> type slip systems are important when the loading direction is along the c-
axis in α phase. Ding et al. [10, 53] studied the interaction between <c+a> 
dislocations and the α/β interface in micro-scale specimens prepared using FIB. 
Three possible transmission modes for <c+a> slip systems were proposed: (1) direct 
transmission as the a1 prismatic slip mentioned earlier [25, 51]; (2) slip transmission 
with the generation of residual dislocations at the interface [51];  (3) indirect slip 
transmission, where the incoming dislocations cannot move across the α/β interface 
but new dislocations can be generated at the other side of the interface under the 
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increasing stress accumulation. Based on their TEM observation of bent Ti-6Al-4V 
micro-cantilevers [10], 4 out of 12 possible 1st order pyramidal <c+a> slip systems 
were predicted to be able to transfer across the α/β interface easily in a bent micro-
cantilever as they were aligned with <111>{11̅0} slip systems in β phase, but the 
transmission mode has not been determined because of the low quality of the 
specimens due to bending etc. 
 
  
 17 
 
 
 
 
 
 
h.c.p                                                             b.c.c 
Figure 2-1 Unit cells of the α phase (h.c.p) and β phase (b.c.c) titanium [16] 
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Figure 2-2 Pseudo-binary section through a-β isomorphous phase diagram (schematic) [54] 
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Figure 2-3 Optical micrographs showing (a) lamellar, (b) bi-modal and (c) equiaxed α+β titanium 
alloys [16]. 
 
 
Figure 2-4 Scanning electron microscopy (SEM) images showing the microstructures of Ti-6Al-4V 
alloys formed with different cooling rates: (a) air cooled, (b) cooled in vermiculite and (c) water 
quenched [21]. 
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Figure 2-5 Slip systems in (a) h.c.p α phase and (b) b.c.c β phase [55] 
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Figure 2-6 (a) A schematic model of 
the α lath growing along the invariant 
line and the structure of its interface 
(broad face and side face) with β. (b) 
Orientation relationship between α 
and β at the interface (broad face) 
when viewing along [0001] α // [101] β 
(perpendicular to the side face) in the 
model shown in (a), a1 = a/3[21̅1̅0], a2 
= a/3[1̅21̅0], a3 = a/3[1̅12̅̅̅̅ 0], b1= 
a/2[111̅], b2 = a/2[1̅11] [32]. (c) The 
schematic showing the morphology of 
the α/β lamella microstructure 
accommodating the orientation 
relationship in (a) and (b). 
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Figure 2-7 The formation of the invariant line during phase transformation from the b.c.c. (hollow 
circles) to the h.c.p. (solid circles) crystal structure. u is the direction of the invariant line. u’ is u 
after phase transformation，u’ and u overlap after a rotation θ. [34] 
 
 
Figure 2-8 Schematic illustration of a slip system transmission through an interface. Angle θ 
between the two lines of intersections of two slip planes with the interface should be minimum for 
easy slip transmission. Angles φ between the two Burgers vectors should also be a minimum for 
easy transmission. 
 
 23 
 
 
 
Figure 2-9 Bright-field TEM micrograph (a) with the SAD patterns (b) with the beam direction 
parallel to [0001] α // [101] β showing the relative inclinations of the three <112̅0> α  directions to 
the α-β interface in Ti-6Al-4V.[52] 
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Chapter 3 Sample size effect on the measured 
strength of crystalline materials 
The dislocation-mediated plastic deformation involves the generation and 
movement of dislocations, which could be subjected to spatial and temporal 
constraints in bulk samples, which consequently varies with the microstructure and 
the volume of materials being tested. This section focuses on the role of sample size 
effect on the mechanical strength measured from crystalline materials. 
3.1 Intrinsic size effect on the strength 
The size effects can be classified into intrinsic size effects and extrinsic size effects 
[56]. The intrinsic size effects include those caused by the reduced microstructural 
feature sizes inside a crystal. For example, the grain size affects the strength of 
materials and following the Hall-Petch [57, 58] equation. For polycrystalline metal, 
the yield stress 𝜎𝑦 can be related to the grain size d:  
𝜎𝑦 = 𝜎0 + 𝑘𝑑
−𝑛    (Equation 3-1), 
where k is a constant, 𝜎0 is the lattice friction of the constituting single crystal, and 
n typically has a value of 0.5 [59, 60]. 
The flow stress σ(ε) at a strain ε can be linked to the grain size d [61]: 
(𝜀) = 𝜎0(𝜀) + 𝑘(𝜀)𝑑
−𝑛    (Equation 3-2), 
where 𝜎0(ε) and 𝑘 (ε) are constants at the given strain ε. In both Equation 3-1 and 
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Equation 3-2, the key structure parameter is d, the grain size, or the distance 
between two neighboring grain boundaries. The smaller the grain size, the more 
additional strengthening to 𝜎0. However, as Figure 3-1 shows, there is a limit of the 
application of the normal Hall-Patch relationship [56]. When the grain size is 
decreased to about 40 nm, the plastic deformation mechanisms start to change from 
the dislocation mediated to the grain boundary mediated deformation such as grain 
boundary sliding, dislocation absorption at grain boundary, which lead to softening 
[62, 63]. 
3.2 Extrinsic size effect on the strength 
The external size effect often refers to the external dimensions of the sample. 
Several principal mechanisms have been proposed to explain the sample size effect 
on strength such as geometrically necessary dislocations (GND) [64-67], 
dislocation starvation [1, 68, 69], and dislocation source truncation [70-73]. 
The sample size effect based on the concept of GND and strain gradient usually 
arises in the non-uniform plastic deformation [65, 74] such as nano-indentation [64, 
67] or micro-bending test [66]. In the compression test of micro-pillars, the strain 
is much more homogeneous through the whole micro-pillar than that in the 
indentation and bending. In the sub-micrometer size range, the sample size effect 
observed in the compression of pillars has been attributed to the mechanism of 
dislocation starvation and surface nucleation. However, at larger pillar sizes, the 
single-arm dislocation source truncation mechanism was suggested to be dominant 
[68, 75]. Although both the dislocation starvation and the dislocation source 
truncation mechanism were proposed independently from different perspectives, 
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the two mechanisms are not necessarily exclusive in practice. Kiener and Minor [73] 
reported the observation of both dislocation starvation and dislocation source 
truncation in the in-situ TEM tensile test of Cu samples, which strengthened the 
micro-tensile sample at 100-200 nm width. In their work, there was a dislocation 
density drop by an order of magnitude in the deformed samples compared with the 
initial dislocation density in the sample. On the other hand, the yield strength 
increased from 636 MPa to 2.5 GPa corresponds to the spiral dislocation source size 
decrease from ~20 nm to ~3 nm. 
The mechanisms of dislocation starvation and dislocation truncation will be 
discussed separately below. 
3.2.1 Dislocation starvation  
It is well known that in the plastic deformation of macroscopic samples, the 
dislocations multiplication and interaction lead to the strain hardening. Greer and 
Nix [68] firstly introduced the concept of dislocation starvation in the plastic 
deformation of small-scale samples. When gold micro-pillars of 200-7450 nm in 
diameter were compressed, they found that the micro-pillar had 50 times higher 
strength compared with their bulk counterparts with defects. They explained that 
when the samples became smaller than a few micrometers, mobile dislocations have 
a high probability of annihilating at a nearby free surface without multiplying or 
interacting with other dislocations. Therefore, the overall dislocation density was 
decreased and sample reached a dislocation starvation state when the existing 
dislocation sources exhausted. Further plastic deformation is accommodated by the 
nucleation and motion of new dislocations instead of the multiplication and 
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interactions of existing dislocations as is the case of macroscopic samples, resulting 
in a higher strength. In the TEM analysis, it has been proven in the literature [1, 68, 
69] that the dislocation density drops with the strength increased in smaller samples.  
3.2.2 Dislocation source truncation 
The dislocation source truncation mechanism was proposed and confirmed in 
computer simulation [70-73, 76, 77]. Parthasarathy et al. [70] suggested that the 
sample size effect on strength can be rationalized by the stochastics of dislocation 
source length in a sample of a finite size. The dislocation source length can be 
derived as a function of the sample size.  
Theoretically, the CRSS of the micro-scale crystal is the stress required for the first 
percolation of a dislocation across the sample [78] and it is largely dependent on 
the initiation of the dislocation multiplication from the shortest source length, 
typically the double-pinned Frank-Read source [79]. The stress required to bow a 
Frank-Read source in a bulk sample is defined by [80] 
𝜎 = 
𝐺𝑏
𝐿
     (Equation 3-3), 
where G is the shear modulus, b is the Burgers vector and L is the source length. 
However, in the model of the micro-pillar sample with a finite dimension, all the 
double-pinned Frank-Read sources will end up with the interaction with the micro-
pillar sample surface. It is because the sample dimension is limited and in the same 
order of magnitude with the source length. This interaction results in a truncated 
single-ended source, which has one end pinned and the other at the free surface of 
the micro-pillar, as schematically shown in Figure 3-2.  
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The CRSS of a micro-pillar sample containing single-ended sources can then be 
given by 
CRSS = 
𝛼𝐺𝒃
?̅?
 + 0.5Gb√𝜌 + 𝜏0   (Equation 3-4), 
where 𝛼 is a geometrical constant, G is the shear modulus, b is the Burgers vector, 
𝜏0 is the friction stress, ρ is the total dislocation density, ?̅? is the mean value of 
source length. The first part is the stress for activation of Frank–Read sources. The 
second part is for the strengthening from dislocation interaction given by the Taylor 
equation [81]. The 𝜏0  is the friction stress to move a dislocation through an 
otherwise perfect lattice given by the Peierls-Nabarro equation: 
𝜏0 = 3G exp – (2𝜋𝑤/𝒃)    (Equation 3-5)  
where w is the dislocation width [80]. 
3.3 Power-law relationship between strength and sample 
extrinsic size  
Since the report from Uchic et al in 2004 [11] on the sample size effect on the 
strength of Ni3Al, many micro-pillar compression experiments have been 
performed on different materials. The relationship between the measured strength σ 
and the sample extrinsic size D is often described by the power-law relationship, 
σ ∝ 𝐷−𝑛. It has been suggested [82, 83] that the interpretation of the sample size 
effect using the power-law relationship is unphysical as the strength predicted 
would continuously decreases with increasing sample size, or approaching infinite 
when the sample size is decreased to atom scale. Therefore, the simple power law 
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relation was corrected into 
τ = 𝜏0+ 𝐴𝐷
−𝑛          (Equation 3-6) 
where τ and 𝜏0 represent the CRSS of the micro-scale sample and the macroscopic 
sample respectively, and A is constant [83, 84]. Apparently, this has not extended 
the applicability of the power law relation to very small sample sizes. 
Experimentally, the values of the exponent n vary with materials and the stronger 
material displays the less pronounced sample size effect, e.g. 1~0.6 for f.c.c. metals, 
0.5 or less for b.c.c. metals, and as low as 0.2 or less for ceramics [83]. While the 
sample size effect on strength has been widely studied in f.c.c. [1, 3, 8, 85] and b.c.c. 
[86-90] single crystals, only a few studies on h.c.p. crystals have been carried out 
[84, 91, 92]. For example, Sun et al. [92] studied the sample size effect on the 
strength of single-crystal commercially pure (CP) Ti loaded along [1120], which 
activated two <a> prismatic slip systems. They found that the flow stress increases 
significantly with the decreasing micro-pillar size in the range from 3 µm to 350 
nm. The flow stress σf at 5% plastic strain was linked to the micro-pillar diameter 
D using a power law relationship with the power exponent n of 0.5. They calculated 
the CRSS using the source truncation theory [70] and it showed the experimental 
CRSS inversely scales with the micro-pillar size. 
Although a large range of sample sizes fit the power law relationship with the 
strength measured, there is no convincing theory explaining the physical meaning 
of the exponent n at the beginning of the research. Simulations [71] and experiments 
[93] had proved in micro-pillars that initial dislocation density also has an influence 
on the size effect. Increasing the initial dislocation density reduces the observed 
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sample size effect. On the contrary, decreasing the initial dislocation density can 
increase the magnitude of the sample size effect observed on the yield stress and 
flow stress and resulting in increasingly stochastic mechanical responses. 
Based on the large numbers of data acquired from previous researches, Huang et al. 
[94] tried to fit the modelled data with them and constructed an equation for the 
scale exponent of the sample size effect from the aspect of stochastic dislocation 
formation in crystalline metals to explain the physical meaning of n: 
𝑛 = {
1 −
𝜇(𝜏+1)
𝛼
= 𝑛1, 𝜌 ≪ 𝜌𝑐
𝜇(𝜏+1)
𝛼
= 𝑛2, 𝜌 ≫ 𝜌𝑐
      (Equation 3-7) 
where n was discussed in two different conditions, depending on whether 
dislocation density 𝜌 ≪ 𝜌𝑐  or 𝜌 ≫ 𝜌𝑐 . 𝜌𝑐  is the transition value of dislocation 
density (inversely proportional to the sample size) between dislocation source 
activation dominant region and dislocation forest hardening dominant region. 
Constant 𝜇 = 0.5. τ is the exponent in the envelope distribution for the normalized 
strain [95]. α is the effective mean number of dislocations nucleation during the 
plastic deformation (dislocation nucleation rate over dislocation recovery rate), 
which is also proportional to the dislocations sources or the slip systems can be 
activated in a single crystal. For the intermediate region that ρ < ρc or ρ > ρc, 
𝑛 = {
𝑛1 − (𝑛1 + 𝜇 − 1)(1 + 𝑐3 (
1
𝑑
)
1−
1−𝑛1
𝜇
)−1, 𝜌 < 𝜌𝑐
𝑛2 − (𝑛2 − 𝜇)(1 + 𝑐4 (
1
𝑑
)
𝑛2
𝜇
−1
)−1, 𝜌 > 𝜌𝑐
            (Equation 3-8) 
where c3 and c4 are both constants. These equations quantitively explained the 
experimental observation on the influence of the crystal structure [83], initial 
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dislocation density [71, 93] on the power-law exponent n by assuming different 
α values. 
3.4 The influence of β phase and α/β interfaces in micro-
scale samples 
At the micro-scale, samples can be extracted from certain grains with desirable 
orientations. In the last decade, different slip systems (basal /prismatic <a> slip [52, 
84, 91, 96], 1st/2nd order pyramidal <c+a> slip [10, 29, 91]) in titanium alloys were 
activated by deforming micro-scale specimens along different orientations. The 
strength of these specimens was either directly measured from the micro-pillars [29, 
96, 97] or derived by fitting finite element analysis (FEA) modelling data with the 
deformed micro-cantilevers stress-strain curves [10, 52, 84, 91].  
Because the interface usually acts as a barrier for dislocation transmission, it 
strengthens the sample. This was also confirmed at micro-scale titanium alloys. For 
the single crystal micro-scale samples, Gong and Wilkinson [91] modelled the 
bending of CP-Ti micro-cantilevers of 5 µm width and determined the CRSS of 209 
MPa for a3 basal slip, 181 MPa for a3 prismatic slip and 474 MPa for the 2
nd order 
pyramidal <c+a> slip by fitting to the experimental data. For the polycrystalline 
samples, Gong and Wilkinson [84] also completed a series of similar experimental 
and modelling tests for Ti-6Al-4V which containing several β layers in the micro-
cantilevers. Comparing the micro-cantilevers with the same sizes between CP-Ti, 
Ti-6Al and Ti-6Al-4V, the modelling results for CRSS of bulk sample is 127 MPa, 
287 MPa and 424 MPa [84]. In the micro-cantilevers of 5 µm width, the CRSS 
increased to 183 MPa, 347 MPa and 483 MPa for a3 prismatic slip system [84]. 
Ding et al. [10] filled the gap by bending the Ti-6Al-4V micro-cantilevers of 5 µm 
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width with <c+a> dislocations on the 1st order pyramidal plane activated. The CRSS 
is calculated as 690 MPa. They attributed this increase of the strength to the 
interfaces in the micro-cantilevers [84]. In other words, both <a> and <c+a> slips 
in Ti-6Al-4V micro-cantilevers have higher CRSS than those in CP-Ti, as a result 
of the α/β interface strengthening [10]. Ding et al. [52] have confirmed the α/β 
interface strengthens Ti-6Al-4V micro-cantilevers deformed with a3 prismatic slips, 
but whether the α/β interface has a similar strengthening effect on the a1 / a2 
prismatic slips, which can transmit through the interface more easily, remains 
unknown.  
Apart from the interfaces, the effects from β phase should also be considered. Jun 
et al. [96, 97] discussed the effect of β phase morphology in compressed Ti-6Al-
2Sn-4Zr-2Mo micro-pillars. Jun et al [96, 97] and Zhang et al. [45] did a series of 
compression test of Ti-6Al-2Sn-4Zr-2Mo micro-pillars with the α/β/α structure and 
activated either a1 / a2 basal or a3 prismatic slips. The micro-pillars with different 
morphology and volume fractions of the β phase influenced the yield strength and 
work-hardening of the pillars. Generally, the more β phase volume fraction in the 
pillar leads to the weaker strength and lower hardening rate [96]. However, there is 
no quantitative analysis due to unknown morphology and volume fractions of β 
phase in the FIB milled micro-pillars. 
The interface not only influences the CRSS at micro scales but also has an effect on 
the sample size effect. Bi-crystalline or polycrystalline micro-pillars and micro-
cantilevers with grain boundaries have also been studied via experiments or 
computer simulations [52, 55, 84, 85, 98], in order to understand the role of grain 
boundaries in the plastic deformation and therefore the sample size effect on 
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strength [22]. Kunz et al. [85] observed that both Al single crystal and bicrystal 
samples have very similar sample size effect on the strength. They measured the 
sample size effect on the strength in single crystal samples (the power exponent n 
= 0.63) and in the bi-crystal under the same conditions (n = 0.59) with the pillar 
diameter ranging from 400 nm to 2 µm. However, it should be noted that it was the 
flow stress at 7.5% strain instead of the yield stress was used, because of the 
uncertainty of the contact between punch and micro-pillars at the beginning of 
compression. The change of the sample size effect scale was explained by that the 
grain boundaries decreased the work hardening rate and acted as dislocation sinks 
rather than sources in the micro-pillars. Gong and Wilkinson [84, 91] have repeated 
the systematical bending tests on CP-Ti, α Ti alloys and α+β Ti alloys cantilevers 
of different sizes orientated for <a> prismatic slips. They also reported α/β 
boundary had an effect on the sample size effect of strength. In terms of the <a> 
prismatic slip, the strength measured from the CP-Ti exhibited the most pronounced 
sample size effect compared with that measured from Ti-6Al and Ti-6Al-4V alloys. 
The power law relationship between the critical resolved shear stress (CRSS) and 
the cantilever width gave the exponent of 0.56 for CP Ti. A much smaller exponent 
of 0.29 and even smaller exponent of 0.21 have been determined from Ti-6Al and 
Ti-6Al-4V, respectively.  
The compressive CRSS values of different types slip systems in Ti alloys reported 
in the literature mentioned in Chapter 2 and 3 are summarized in Table 3.1. 
Generally, the smaller sample has a higher CRSS. However, there are several 
knowledge gaps among these results: 
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• The effect of the α/β interface on the strength. Some reports [85, 96] 
showed that the interface weakened the CRSS while others [10, 52, 84] 
reported completely opposite results where the interface strengthened the 
CRSS. There is a coincidence that in the micro-scale samples with <a> type 
dislocations activated, only the a3 prismatic dislocations were activated in 
different groups of researchers on Ti alloys micro-pillars [96] and micro-
cantilevers [52, 84]. The a1 dislocations, which can transmit the α/β 
interface much more easily than the a3 dislocations, has not been studied in 
the micro-scale samples yet. 
• The effect of the α/β interface on the sample size effect. Although the Ti-
6Al-4V micro-cantilever bending tests have been used to derive the CRSS 
with the assistance of the FEA modelling, there was no direct experimental 
measurement using the micro-pillar compression. The mechanism and 
influence factors of size effect in Ti-6Al-4V remain to be confirmed. 
• The <c+a> slip system activation and its interaction with the α/β 
interface. Some literatures [10, 91] reported the <c+a> dislocations on the 
1st order pyramidal plane {101̅1} while others [29] reported on the 2nd order 
pyramidal plane {1̅1̅22}. The interaction of <c+a> dislocations with the 
interface and the presence of the sample size effect on the strength when 
<c+a> dislocations dominate remain unknown. 
Therefore, to have a further investigation on the above points, micro-
compression tests will be performed on the single-phase/two-phase Ti-6Al-4V 
micro-pillars of different diameters. Apart from the sample size effect on the 
strength which is widely reported in the literature, its underlying causes and its 
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relationship with the influence of the α/β interface will be studied after 
observing the dislocations arrangement within the plastically deformed micro-
pillars by using the post-mortem TEM analysis.  
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Figure 3-1 Strength of polycrystalline materials as a function of grain size: Hall–Petch 
relation [56] 
 
 
Figure 3-2 The schematic sketch explaining the dislocation source truncation (a) schematic sketch 
of how double-pinned Frank-Read sources quickly become single-ended sources in samples of 
finite dimensions. (b) Schematic sketch of single-ended sources in a finite pillar.[70] 
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Table 3.1  Some bulk, mico and modelling compressive CRSS values of Ti alloys reported in the 
literature. 
Slip system 
activated 
Compression 
CRSS (MPa) 
Condition 
<a> basal 
444 Ti-6Al-4V bulk sample [24] 
209 
Modelling CP-Ti micro-cantilever, 5 µm width, 
without β [91] 
401 
Ti-6Al-2Sn-4Zr-2Mo micro-pillar, a1 basal, 2 µm 
diameter, without β [96] 
294 
Ti-6Al-2Sn-4Zr-2Mo micro-pillar, a1 basal, 2 µm 
diameter, with β [96] 
354 
Ti-6Al-2Sn-4Zr-2Mo micro-pillar, a2 basal, 2 µm 
diameter, with β [96] 
<a> prismatic  
392 Ti-6Al-4V bulk sample [24] 
181 
Modelling CP-Ti micro-cantilever, a3 prismatic, 5 
µm width, without β [91] 
424 Modelling Ti-6Al-4V bulk sample [84] 
484~752 
Modelling Ti-6Al-4V 10 μm ~1 μm width micro-
cantilever [84] 
340 
Modelling Ti-6Al micro-cantilever, a3 prismatic, 
3 µm width, without β [52] 
480 
Modelling Ti-6Al-4V micro-cantilever, a3 
prismatic, 3 µm width, with β [52] 
287-612 
Modelling Ti-6Al 10 μm ~1 μm width micro-
cantilever [84] 
327 
Ti-6Al-2Sn-4Zr-2Mo micro-pillar, a3 prismatic, 2 
µm diameter, without β [96] 
<a> pyramidal  404 Ti-6Al-4V bulk sample [24] 
1st order 
pyramidal <c+a>  
631 Ti-6Al-4V bulk sample [24] 
690 
Modelling Ti-6Al-4V micro-cantilever, 5 µm 
width, with β [10] 
2nd pyramidal 
<c+a> 
474 
Modelling CP-Ti micro-cantilever, 5 µm width, 
without β [91] 
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Chapter 4 Materials and Experimental Methods 
A commercial Ti-6Al-4V alloy (the composition as shown in Table 4.1 was 
determined using Energy-dispersive X-ray spectroscopy (EDS)) was used in this 
study. 
4.1 Heat-treatment and microstructure 
To prepare micro-pillars containing α/β interfaces needed to investigate the role of 
the interface in the plastic deformation, heat-treatment was performed to achieve a 
fully lamellar microstructure. Specimens of 6 mm ×  6 mm ×  10 mm were 
extracted carefully from the as-received Ti-6Al-4V bar using electric discharge 
machining (EDM) and then heat-treated in a vacuum furnace following a procedure 
as shown in Figure 4-1. The samples were degassed at 200 °C in the vacuum furnace 
for 30 mins, and then heated to 1050 °C and maintained for 1 hour. Following this, 
the samples were cooled at 0.1 °C/min down to 700 °C and then furnace cooled.    
After the heat-treatment, the specimens were ground carefully and cut into smaller 
buttons (5 mm × 5 mm × 4 mm) for micro-pillar preparation. The top surface of the 
button samples where the pillars were located was carefully polished with a mixture 
of colloidal silica (OP-S) and hydrogen peroxide (30%) for 20 min. Electron 
backscatter diffraction (EBSD) was carried out to identify the location with 
prescribed orientations for the micro-pillars preparation.  
The optical micrograph in Figure 4-2 shows the microstructure of the Ti-6Al-4V 
sample after the heat treatment at low magnification. The α-β colonies ranged in 
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size from 0.5 to 3 mm. Figure 4-3 (a) and (b) are the SEM images showing the 
typical microstructures after heat treatment in different colonies. The dark regions 
correspond to α phase, whereas the thin bright regions are the β phase. The α laths 
are of 10 µm to 50 μm thick and with the β ranging from 0.5 µm to 10 μm thick. 
The typical microstructure in the colony with [11̅00] normal to the paper plane is 
shown in Figure 4-3 (a) and the typical microstructure in the colony with [0001] 
normal to the paper plane in Figure 4-3 (b). 
4.2 EBSD mapping and Schmid factor calculation 
EBSD was used to map out the orientation of α/β colonies, as shown in Figure 4-4. 
To activate <a> prismatic and <c+a> slips, two colonies with [11̅00] and [0001̅] 
normal directions in α phases were selected. The three Euler angles of colony #1 in 
Figure 4-4 are 2.8, 90.0, 33.5. Therefore, the normal direction is 6.3 away from 
[11̅00], the perfect loading direction to activate the <a> prismatic slip. The three 
Euler angles of colony #2 in Figure 4-4 are 102.0, 2.4, 46.0, which means the 
normal direction is 2.4 away from [0001] of the α phase. This loading direction 
has higher possibility of activating <c+a> slips. In both colonies, the α and β phases 
follow the Burger’s orientation relationship (0001)α // (101)β, [21̅1̅0]α // [111̅]β, as 
shown in Figure 4-5. Therefore, the corresponding normal direction of  phase is 
close to [101̅] in colony #1 and [1̅01̅] in colony #2, which are expected to activate 
slip systems belong to the same family in the β phase in these two colonies. The 
designation of the crystallographic relationship across the α/β interface follows that 
a1 = [21̅1̅0], a2 = [1̅21̅0], a3 = [1̅1̅20], and b1 = [111̅], b2 = [1̅11]. This designation 
and orientation relationship will be used throughout the thesis. 
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In the b.c.c. crystal structure, Schmid factor can be calculated as 
m = cosφcosλ = 
𝑢1𝑢2+𝑣1𝑣2+𝑤1𝑤2
√(𝑢12+𝑣12+𝑤12)(𝑢22+𝑣22+𝑤22)
𝑢1𝑢3+𝑣1𝑣3+𝑤1𝑤3
√(𝑢12+𝑣12+𝑤12)(𝑢32+𝑣32+𝑤32)
 
(Equation 4-1), 
where [𝑢1𝑣1𝑤1] is the loading direction, [𝑢2𝑣2𝑤2] the slip direction and [𝑢3𝑣3𝑤3] 
the normal direction of the slip plane. 
In the h.c.p crystal structure, Schmid factor can be calculated as 
m = cosφcosλ = 
𝑢1𝑢2+𝑣1𝑣2+𝑡1𝑡2+
2𝑐2
3𝑎2
𝑤1𝑤2
√(𝑢12+𝑣12+𝑡1
2+
2𝑐2
3𝑎2
𝑤12)(𝑢22+𝑣22+𝑡2
2+
2𝑐2
3𝑎2
𝑤22)
𝑢1𝑢3+𝑣1𝑣3+𝑡1𝑡3+𝑤1𝑤3
√(𝑢12+𝑣12+𝑡1
2+
2𝑐2
3𝑎2
𝑤12)(𝑢32+𝑣32+𝑡3
2+
3𝑎2
2𝑐2
𝑤32)
 
(Equation 4-2), 
in which [𝑢1𝑣1𝑡1𝑤1] is the loading direction, [𝑢2𝑣2𝑡2𝑤2] the slip direction and 
[𝑢3𝑣3𝑡3𝑤3] the normal direction of the slip plane [99] and c/a = 1.587 for α phase 
in Ti-6Al-4V [13].  
Based on Equation 4-2, Schmid factors were calculated for all potential slip systems 
in h.c.p. crystal structure and are listed in Table 4.2. 48 slip systems and the 
associated Schmid factors in the b.c.c. crystal structure is listed in Table 4.3. These 
two tables were used to analyse slip systems in Chapter 6. 
4.3 Fabrication of micro-pillars 
Micro-pillars with diameters in the range from 0.5 μm to 5 μm were prepared using 
an FEI Quanta 3D FIB/SEM. The experiment conditions used for the micro-pillar 
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preparation are listed in Table 4.4. The aspect ratio between the pillar height and 
diameter was controlled at about 2:1 to minimise the plastic instability during the 
deformations (e.g. higher ratio may cause buckling while lower ratio additional 
hardening). In the micro-pillars containing both the α and β phases, the thickness of 
the β fillets was selected to be ~ 30% of the diameters of the micro-pillars. 
Depending on the crystallography orientation of the pillars, the α/β interfaces have 
different angles with regards to the axis of the micro-pillars. Figure 4-6 (a) shows 
in the pillar with [0001̅] loading direction, the β phase lathe goes through the micro-
pillars from top to bottom. While in Figure 4-6 (b) with [11̅00] loading direction, 
the β phase lathe goes through the micro-pillars at an inclined angle. 50 micro-
pillars were prepared in this study and the details are listed in Table 4.5. Attention 
was paid to reduce the taper angle (less than 4°) so as to minimise the non-uniform 
stress within the micro-pillars during the subsequent compression test [7, 100, 101].  
4.4 Strengthening of ion irradiation damage layer 
When FIB is used to prepare micro-pillars, there is a concern that the irradiation 
damage layer introduced by the energetic Ga+ on the sample surface may alter the 
mechanical properties of the material [7]. To investigate if the irradiation damage 
layer affects the mechanical properties of Ti-6Al-4V, indentation tests were 
performed on the surface near and far from the fabricated micro-pillars.  
The indentation test was performed in the load-control mode. The max load was 
applied to 10 mN and the max depth of the indentation was between 600-650 nm. 
The load-displacement curves in Figure 4-7 show no obvious difference between 
the surface near and far from the fabricated micro-pillars. The hardness and reduced 
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modulus are given by the test and reduced modulus Er is related to the modulus of 
elasticity Esample as: 
(Equation 4-3) 
Where the v is Poisson’s ratio. For a standard diamond indenter probe, Eindenter is 
1140 GPa and νindenter is 0.07. Poisson’s ratio v for Ti-6Al-4V is 0.27. Therefore, 
the average values of Young’s modulus for the ion-free area is 135.8 GPa and 135.2 
GPa for the ion irradiated area. The elastic modulus along [0001] loading direction 
in CP-Ti is 146.2 GPa [102]. The average hardness is 5.4 GPa for the ion-free area 
and 5.9 GPa for the ion irradiated area, as listed in Table 4.6.  
The results show that at this scale there is hardly any effect on E but the ion 
irradiation may slightly increase the hardness of Ti-6Al-4V. It has been reported 
that as a factor of two on the hardness was observed at the depth less than 100 nm 
[7], this strengthening effect is still negligible at the scale used in the current project. 
The hardness results obtained are close to the literature values [103] considering the 
slight deviate from [0001] in the current experiment. 
 
4.5 Uniaxial Compression Test 
Compression tests on the prepared micro-pillars were carried out on a Hysitron PI85 
Pico Indenter with a 20 μm flat-end diamond probe. The tests were carried out in a 
Tescan Mire 3 SEM. The micro-pillars were compressed under the displacement-
control mode via a closed feedback loop until a final nominal strain of 5% - 10%. 
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To exclude the strain-rate effect on the compression results [97], a nominal constant 
strain rate of 2.5×10-4 s-1 was used in all tests. To eliminate the influence of the 
substrate deformation during the compression, Sneddon correction was applied to 
accurately measure the change of pillar length using the equation [101]:  
∆lpillar = ∆ltotal - ∆lsubstrate - ∆lprobe 
                     = ∆ltotal - 
(1−𝑣𝑠𝑢𝑏
2 )·𝐹
2𝐸𝑠𝑢𝑏·𝑟𝑏𝑜𝑡𝑡𝑜𝑚
 −  
(1−𝑣𝑖𝑛𝑑
2 )·𝐹
2𝐸𝑖𝑛𝑑·𝑟𝑡𝑜𝑝
     (Equation 4-4), 
where vsub and vind are the Poisson’s ratios of substrate and indenter. F is the applied 
force on the top of micro-pillars. Esub and Eind are the elastic moduli of the substrate 
and indenter. rbottom and rtop are the bottom and top radius of micro-pillars. Eind, the 
elastic modulus of the diamond probe used in this compression test, is 1140 GPa 
and its Poisson’s ratio is 0.07. The typical compressive elastic modulus for Ti-6Al-
4V (α+β microstructure) substrate at room temperature Esub is measured 129 GPa, 
and the Poisson's ratio around 0.27 [13].  
Engineering stress and strain σE and εE were calculated using equations: 
εE = 
∆𝑙𝑝𝑖𝑙𝑙𝑎𝑟
𝑙0
   (Equation 4-5), 
σE = 
𝐹
𝜋𝑟𝑡𝑜𝑝2
  (Equation 4-6), 
where l0 is the height of micro-pillar. To calculate the stress, the pillar top diameter 
(rather than its average diameter) was used as experimentally yielding always 
started at the top part of the pillars. True stress σT and true strain εT were used in 
final stress-strain curves plot. They were calculated using the equations: 
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εT = ln (1 + εE)   (Equation 4-7), 
σT = σE (1 + εE)   (Equation 4-8). 
Because of the difficulty in the determination of yield point, the yield stresses were 
determined at 0.2% offset yield point. The elastic modulus was calculated from the 
average slopes of the linear parts of the loading stress-strain curves. 
4.6 TEM sample preparation 
TEM foils were prepared from the compressed micro-pillars using the FIB. All 
TEM foils were extracted parallel to the pillar axis and perpendicular to the slip 
plane, as shown in Figure 4-8. In this way, the TEM foils are likely to contain most 
of the dislocations contained in the pillars (from top to the bottom), which makes 
the subsequent dislocation analysis more straightforward. As the orientation of the 
micro-pillars and the TEM foil preparation were well controlled 
crystallographically, the orientations of α/β interfaces in different colonies are 
known as summarized in Figure 4-9. 
Representative micro-pillars (9 in total) were selected and further studied by TEM.  
The selection of the pillars covers (1) different micro-pillar sizes, (2) different α/β 
crystal orientations, (3) different β phase content and (4) different strain levels. 
The TEM foil extraction using FIB is shown in Figure 4-10. The micro-pillar was 
tilted at 52°. At this angle, the axis of the micro-pillar is parallel with the ion beam 
direction. The Gas Injection System (GIS) was inserted and a rectangular of Pt was 
deposited on the top of the micro-pillar. The ion beam voltage of 30keV and the 
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current of 10 pA/μm2 were used for the deposition. A 3μm thick Pt layer was 
deposited. The micro-pillar was then tilted back to 0° and rotated  90° to deposit 
the sides of micro-pillar with same deposition parameters.  
After the deposition, the sample was tilted at 52°. Trenches were dug around the 
micro-pillar which was then milled into a lamella using the ion beam at 30 keV and 
3 nA until the lamella thickness of about 1 μm. 
The next stage is to lift out the lamella using the Omniprobe. The stage was tilted 
back to 0° and the Omniprobe was carefully controlled to approach the top of the 
lamella. GIS was used to weld the probe with the sample. The ion beam voltage of 
30 kV and current of 10 pA/μm2 based on the deposition area were used for the 
welding. The lamella was then cut off from the bottom and lifted out.    
The final sage is to fix the lamella onto a Cu grid and final polishing. The stage was 
at 0° and the Omniprobe was moved to the single-arm tip of the Cu grid. The lamella 
was welded to the tip using the Pt deposition at 30 kV and 10pA/μm2 depending on 
the deposition area. The Omniprobe was then cut off from the lamella and retracted. 
The stage was rotated 180° and the other side of welding point was Pt deposited. 
The stage was tilted at 52° for TEM sample precision milling. The lamella was 
thinned from both sides using the ion beam at 30 kV and 0.3 ~ 1 nA. When the 
sample thickness was reduced to about 600 nm, the stage was tilted  1° away from 
the ion beam and a final cleaning cross-section pattern was applied on both sides of 
the TEM sample under the 30 kV and 0.1 nA beam current till the sample thickness 
was reduced to ~200nm which is thin enough for Ti-6Al-4V. 
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FIB milling usually induced defects on the prepared TEM foils [104-106]. 
Experiments and simulations have shown that the thickness of the damage layer is 
independent of the ion beam current but dependent on the beam voltage, the 
incidence angle of the ion beam and the material being milled [104, 105]. Low ion 
beam energy 5 kV (the lowest usable voltage) and 48 pA was used and TEM sample 
was tilted  6° away from the ion beam for the final polishing on both sides. The 
conditions were summarised in Table 4.7. 
4.7 Dislocation analysis   
Dislocation analysis of the compressed pillars was carried out on an FEI Tecnai F20 
TEM operated at 200 kV.  
The slip system determination included the dislocation Burgers vector b 
determination based on the invisibility criterion gb = 0 [80] and the slip plane 
determination based on the edge-on condition. Usually, dislocation appears as a 
dark curved line in the bright field TEM image, because the bent plane near the 
dislocation changed the intensity of the directly transmitted beam. At a two-beam 
condition (only the directly transmitted beam and one diffracted beam were strongly 
excited), if the diffraction vector g is perpendicular to b (gb = 0), the dislocation 
becomes invisible (or associated with very weak contrast). If another g can be found 
to make the dislocation invisible by tilting the specimen in the TEM, the b can be 
determined by g1 × g2. As the orientation of the micro-pillar was known and that 
the activated slip systems predictable, one g is sufficient to confirm the b for the 
slip systems in the α phase listed in Table 4.2, and in the β phase listed in Table 4.3. 
The slip plane can be determined by the edge-on condition when the slip plane is 
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tilted in parallel to the electron beam direction. All dislocations on this plane appear 
as straight lines. 
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Figure 4-1 The heat treatment procedure of the Ti-6Al-4V samples prior to the plastic 
deformation. 
 
 
 
Figure 4-2 Optical micrograph showing the typical microstructure of the heat-treated Ti-6Al-4V. 
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Figure 4-3 SEM images showing the typical microstructure of the Ti-6Al-4V after the heat 
treatment. (a) SEM image of the colony with [11̅00] normal to the paper plane, (b) SEM image of 
the colony with [0001̅] normal to the paper plane. 
 
 
Figure 4-4 EBSD map showing the crystallographic orientation of colonies for micro-pillar 
fabrication. Colony 1 has its normal direction close to [11̅00] and colony 2 has its normal 
direction close to [0001̅].   
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Figure 4-5 The orientation relationship between the α and β phases in a colony are (0001̅) α // 
(1̅01̅) β, [21̅1̅0] α // [111̅] β 
 
 
 
 
Figure 4-6 (a) Micro-pillar prepared in the colony with a [0001] axis direction. It has β go 
through the micro-pillar straight from top to bottom. (b) Micro-pillar prepared in the colony with 
[011̅0] axis direction has β go across the micro-pillar at an angle. 
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Figure 4-7  The load-displacement curves of indentation test on the ion-irradiated area and the ion-
free area.  
 
Figure 4-8 Sketch of the orientation relationship between the extracted TEM foil plane and slip 
plane in the micro-pillar. 
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Figure 4-9 Sketch of the TEM samples and α/β crystal orientations in different colonies (a) 
Loading direction [11̅00] α // [101̅] β, foil normal direction [0001̅] α // [1̅01̅] β, (b) Loading 
direction [0001] α // [101] β, foil normal direction [21̅1̅0] α // [111̅] β 
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Figure 4-10 The secondary electron or ion beam images showing the process of producing a TEM 
foils from a compressed 3μm diameter micro-pillar. 
 
 
Table 4.1 Composition of Ti-6Al-4V used in this project 
Component Ti Al V 
wt.% 90.14 5.81 4.05 
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Table 4.2 Schmid factor for possible slip systems in h.c.p crystal structure in Ti-6Al-4V with the 
loading directions along [0001], [11̅00] and [112̅0].The highest Schmid factor is in bold. 
Slip system  
Slip 
direction 
Slip 
plane 
Schmid factor in different loading 
direction 
[0001]  [11̅00]  [112̅0]  
Basal <a> 
slips 
[112̅0] (0001) 0 0 0 
[12̅10] (0001) 0 0 0 
[2̅110] (0001) 0 0 0 
Prismatic 
<a> slips 
[112̅0] (11̅00) 0 0 0 
[12̅10] (101̅0) 0 0.433 0.433 
[2̅110] (011̅0) 0 0.433 0.433 
Pyramidal 
<a> slips 
[112̅0] (11̅01) 0 0 0 
[112̅0] (1̅101) 0 0 0 
[12̅10] (101̅1) 0 0.380 0.380 
[12̅10] (1̅011) 0 0.380 0.380 
[2̅110] (011̅1) 0 0.380 0.380 
[2̅110] (01̅11) 0 0.380 0.380 
1st order 
pyramidal 
<c+a> slips 
[1̅1̅23] (101̅1) 0.405 0 0.405 
[1̅1̅23] (011̅1) 0.405 0 0.405 
[112̅3] (1̅011) 0.405 0 0.405 
[112̅3] (01̅11) 0.405 0 0.405 
[1̅21̅3] (01̅11) 0.405 0.405 0.202 
[1̅21̅3] (11̅01) 0.405 0.202 0 
[12̅13] (1̅101) 0.405 0.202 0 
[12̅13] (011̅1) 0.405 0.405 0.202 
[21̅1̅3] (1̅101) 0.405 0.202 0 
[21̅1̅3] (1̅011) 0.405 0.405 0.202 
[2̅113] (11̅01) 0.405 0.202 0 
[2̅113] (101̅1) 0.405 0.405 0.202 
2nd order 
pyramidal 
<c+a> slips 
[112̅3] (1̅1̅22) 0.451 0 0.451 
[1̅1̅23] (112̅2) 0.451 0 0.451 
[12̅13] (1̅21̅2) 0.451 0.338 0.113 
[1̅21̅3] (12̅12) 0.451 0.338 0.113 
[2̅113] (21̅1̅2) 0.451 0.338 0.113 
[21̅1̅3] (2̅112) 0.451 0.338 0.113 
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Table 4.3 Typical slip systems in b.c.c crystal structure. The highest Schmid factor is in bold. 
Slip System 
Number 
Slip Direction Slip Plane 
Schmid factor along different loading 
directions 
[101] [101̅] 
1 [1 1̅ 1] (0 1 1) 0.408 0 
2 [1 1 1̅] (0 1 1) 0 0.408 
3 [1̅ 1 1] (1 0 1) 0 0 
4 [1 1 1̅] (1 0 1) 0 0 
5 [1̅ 1 1] (1 1 0) 0 0.408 
6 [1 1̅ 1] (1 1 0) 0.408 0 
7 [1 1 1] (0 1̅ 1) 0.408 0 
8 [1̅ 1 1] (0 1̅ 1) 0 0.408 
9 [1 1 1] (1 0 1̅) 0 0 
10 [1 1̅ 1] (1 0 1̅) 0 0 
11 [1 1 1] (1̅ 1 0) 0.408 0 
12 [1 1 1̅] (1̅ 1 0) 0 0.408 
13 [1 1 1̅] (1 1 2) 0 0.236 
14 [1 1̅ 1] (1̅ 1 2) 0.236 0 
15 [1̅ 1 1] (1 1̅ 2) 0 0.236 
16 [1 1 1] (1 1 2̅) 0.236 0 
17 [1 1̅ 1] (1 2 1) 0.471 0 
18 [1 1 1̅] (1̅ 2 1) 0 0.471 
19 [1 1 1] (1 2̅ 1) 0.471 0 
20 [1̅ 1 1] (1 2 1̅) 0 0.471 
21 [1̅ 1 1] (2 1 1) 0 0.236 
22 [1 1 1] (2̅ 1 1) 0.236 0 
23 [1 1 1̅] (2 1̅ 1) 0 0.236 
24 [1 1̅ 1] (2 1 1̅) 0.236 0 
25 [1 1 1̅] (1 2 3) 0 0.309 
26 [1 1̅ 1] (1̅ 2 3) 0.309 0 
27 [1̅ 1 1] (1 2̅ 3) 0 0.309 
28 [1 1 1] (1 2 3̅) 0.309 0 
29 [1̅ 1 1] (3 1 2) 0 0.154 
30 [1 1 1] (3̅ 1 2) 0.154 0 
31 [1 1 1̅] (3 1̅ 2) 0 0.154 
32 [1 1̅ 1] (3 1 2̅) 0.154 0 
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   (Continued Table 4.3) 
Slip System 
Number 
Slip Direction Slip Plane 
Schmid factor along different loading 
directions 
[101] [101̅] 
33 [1 1̅ 1] (2 3 1) 0.463 0 
34 [1 1 1̅] (2̅ 3 1) 0 0.463 
35 [1 1 1] (2 3̅ 1) 0.463 0 
36 [1̅ 1 1] (2 3 1̅) 0 0.463 
37 [1 1̅ 1] (1 3 2) 0.463 0 
38 [1 1 1̅] (1̅ 3 2) 0 0.463 
39 [1 1 1] (1 3̅ 2) 0.463 0 
40 [1̅ 1 1] (1 3 2̅) 0 0.463 
41 [1 1 1̅] (2 1 3) 0 0.154 
42 [1 1̅ 1] (2̅ 1 3) 0.154 0 
43 [1̅ 1 1] (2 1̅ 3) 0 0.154 
44 [1 1 1] (2 1 3̅) 0.154 0 
45 [1̅ 1 1] (3 2 1) 0 0.309 
46 [1 1 1] (3̅ 2 1) 0.309 0 
47 [1 1 1̅] (3 2̅ 1) 0 0.309 
48 [1 1̅ 1] (3 2 1̅) 0.309 0 
 
 
Table 4.4 Experiment conditions used for the micro-pillars preparation using FIB 
Step Voltage 
Current (depending on 
the pillar diameter) 
Type of 
Milling Box 
Outer trench 30 KeV 5 - 30 nA Circle 
Inner trench 30 KeV 1 - 10 nA Circle 
Cleaning 30 KeV 30 pA -1 nA Circle 
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Table 4.5. The dimensions and compressed nominal strains of the micro-pillars using in this study.  
No. 
Axis 
direction 
Phases 
Top diameter 
(μm) 
Bottom 
diameter (μm) 
Height 
(μm) 
Taper 
angle (°) 
Nominal 
Strain (%) 
1 
~[11̅00] 
Euler 
angles 
(2.8, 
90, 
33.5) 
α 
5.05 5.78 11.63 1.80 10 
2 5.01 5.64 11.78 1.53 5 
3 2.76 3.18 6.03 2.00 5 
4 2.31 2.70 4.88 2.29 10 
5 1.13 1.32 2.23 2.44 5 
6 1.24 1.34 2.18 1.31 2 
7 1.22 1.39 2.32 2.10 5 
8 0.77 0.92 1.61 2.67 5 
9 0.77 0.90 1.60 2.33 3 
10 
α+β 
5.55 6.29 11.81 1.80 3 
11 3.35 3.99 7.80 2.35 5 
12 2.57 2.96 5.42 2.06 5 
13 1.54 1.77 3.11 2.12 5 
14 0.72 0.87 1.40 3.07 5 
15 
 
~[0001] 
Euler 
angles 
(102.0, 
2.4, 
46.0) 
α 
4.95 5.54 10.16 1.66 5 
16 4.91 5.49 10.08 1.65 10 
17 3.03 3.76 7.47 2.80 10 
18 2.94 3.85 6.48 4.02 5 
19 2.97 3.85 6.55 3.85 10 
20 3.09 3.73 6.43 2.85 10 
21 2.84 3.12 6.13 1.31 8 
22 1.03 1.18 2.31 1.86 5 
23 1.05 1.25 2.10 2.73 8 
24 1.15 1.36 2.36 2.55 10 
25 0.61 0.71 1.25 2.29 5 
26 0.83 1.04 1.75 3.44 10 
27 
α+β 
4.86 5.78 10.07 2.62 10 
28 4.75 5.51 10.05 2.17 5 
29 5.08 5.38 10.35 0.83 8 
30 4.78 5.56 10.66 2.10 10 
31 5.01 5.63 10.74 1.65 8 
32 2.93 3.69 6.42 3.39 5 
33 3.09 3.85 6.40 3.40 8 
34 3.03 3.67 6.73 2.72 10 
35 2.94 3.59 6.64 2.80 10 
 58 
 
      (Continued Table 4.5) 
No. 
Axis 
direction 
Phases 
Top diameter 
(μm) 
Bottom 
diameter (μm) 
Height 
(μm) 
Taper angle 
(°) 
Nominal 
Strain (%) 
36 
~[0001] 
Euler 
angles 
(102.0, 
2.4, 
46.0) 
α+β 
2.89 3.68 6.56 3.45 10 
37 2.10 2.47 4.08 2.60 10 
38 2.01 2.21 4.02 1.43 5 
39 1.10 1.58 2.66 5.17 10 
40 1.18 1.55 2.30 4.61 10 
41 1.06 1.19 2.03 1.83 5 
42 1.10 1.29 2.33 2.34 10 
43 0.99 1.25 2.37 3.14 0 
44 1.15 1.34 2.49 2.19 15 
45 1.29 1.48 2.67 2.04 10 
46 
β 
2.84 3.43 6.60 2.56 10 
47 3.02 3.73 6.45 3.15 10 
48 2.98 3.71 6.76 3.09 10 
49 3.13 3.55 6.07 1.98 5 
50 4.98 5.71 11.10 1.88 5 
Table 4.6  The Young’s modulus and hardness of undamaged and irradiation damaged α phase 
 
E (MPa) Hardness (GPa) 
Average SD Average SD 
Ion-free area  135.8 4.8 5.4 0.1 
Ion-irradiated area  135.2 4.9 5.9 0.1 
Table 4.7  Experiment conditions used for the TEM sample preparation using FIB 
Step Type of Milling Box Voltage Current Tilt Angle 
Pt coating on top Rectangle 30 KeV 0.1nA 52° 
Pt coating on side Rectangle 30 KeV 0.1nA 0° 
Trench milling Regular cross-section 30 KeV 15nA 52° 
Bulk milling Rectangle 30 KeV 3nA 52° 
Omniprobe/Cu grid 
welding 
Rectangle 30 KeV 0.1nA 0° 
Bottom cutting Rectangle 30 KeV 1nA 0° 
Omniprobe cutting Rectangle 30 KeV 3nA 0° 
Thinning Rectangle 30 KeV 1nA-0.1nA 52°1.5° 
Cleanning Rectangle 5 KeV 48pA 52°6° 
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Chapter 5 Compression of micro-pillars 
5.1 Loading direction along [1?̅?00] α // [10?̅?] β 
5.1.1 α single phase micro-pillars  
Figure 5-1 shows the stress-strain curves obtained from the compression of the 
micro-pillars containing only the α phase along [11̅00] loading direction. The 
micro-pillar diameters range from 500 nm to 5 μm. All curves have the similar 
smooth stress-strain curves (except the curve obtained from the 3 µm pillar which 
deviates from the rest) before the yielding. The yielding is well defined in all cases 
and the yield stresses determined are listed in Table 5.1. The yield stress increases 
from 775 MPa to 1125 MPa when the pillar size decreases from 5 µm to 500 nm. 
When the micro-pillars are loaded along [11̅00], [21̅1̅0](01̅10) and [12̅10](101̅0) 
are the slip systems associated with the highest Schmid factor of 0.43. Assuming 
this is the case, the CRSS for the prismatic <a> slip increases from 336 MPa to 
487 MPa for micro-pillars with 5 µm to 500 nm diameter. Beyond the yielding, the 
stress-strain curve obtained from the 5 µm diameter micro-pillar (red curve in 
Figure 5.1) is smoother than those obtained from the smaller pillars. The curve 
obtained from the micro-pillar of 500 nm diameter (black curve in Figure 5.1) is 
characterized by the small stress drops (serration) beyond the yielding. Furthermore, 
the 5 µm diameter micro-pillar shows an obvious stable work hardening behaviour 
during the compression with the flow stress increases gradually from 780 MPa to 
912 MPa. The other three smaller pillar samples all show a flow stress drop after 
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the yielding with no noticeable work hardening observed on the 500-nm pillar. This 
is consistent with the literature on the micro-pillar compression [90].  
The sample size effect on elastic modulus has mostly been reported in nanowires 
[107-110], due to the surface-stress-induced elasticity [110] rather than in micro-
pillars. Modelling results indicated that the sample size effect only becomes distinct 
when the sample diameter is less than 500 nm or smaller (depending on the 
materials and their orientations [110]). The 128 GPa-140 GPa of the elastic modulus 
E for different sizes measured in Table 5.1 is higher than the 104 GPa reported in 
CP-Ti [102]. It could be caused by the fact that the α phase has slightly different 
composition from the CP-Ti. 
Figure 5-2 is a SEM image of the micro-pillars containing the α phase only after the 
compression along [11̅ 00]. With 4% strain, only one set of slip traces can be 
observed as indicated by the arrow. The slip traces meet the top surface of the pillar 
at an angle of about 60°. According to the EBSD results, in the SEM images, the 
horizontal direction is [1̅1̅ 20] and the pillar axis direction is [11̅ 00]. Along this 
loading direction, the <a> prismatic slip system (i.e. with a 
1
3
 [21̅1̅0] Burgers vector 
on (01̅10) slip plane and Schmid factor of 0.433) is likely to be activated. The other 
micro-pillars in this colony have similar morphology after compression. 
5.1.2 Micro-pillars containing a β layer through α phase 
Figure 5-3 shows the stress-strain curves obtained from the compression of micro-
pillars of 5 µm to 1 µm diameter, containing α and β phases with the loading 
direction along [11̅00] α // [101̅] β. The yield stress becomes larger when the pillar 
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size gets smaller. After yielding, softening occurred on the larger size samples but 
hardening on the small samples. The flow stress serration beyond the yielding 
increases with the decreasing micro-pillars size. Compared with micro-pillars in 
section 5.1.1, the yield stress and CRSS for the prismatic slip in α phase decreased 
when the β layer is included in the micro-pillars (Table 5.2 vs. Table 5.1). The 
elastic modulus measured is also lower with the introduction of the β phase in the 
micro-pillars [111]. As shown in Table 5.2, the elastic moduli were ranging from 
108 GPa -118 GPa. These values are in the range between the elastic moduli of α 
phase and β phase and they are dependent on the α/β volume fractions ratio. There 
is no any sample size effect trend as well. 
Figure 5-4 shows SEM images of a 5 µm diameter micro-pillar containing β fillet 
through the α phase compressed along [11̅00] α // [101̅] β colony by 4% strain. In 
Figure 5-4 (a) the 4% micro-pillar shows one set of slip trace which is 60° from the 
pillar top surface, but different from the multiple slip traces in the α only micro-
pillar, there is only one observable slip trace through the micro-pillar cutting 
through the β phase. Figure 5-4 (b) shows there is an angle of 15° between the slip 
plane and the interface between the α and β. The angle between the a1 (01̅10) slip 
plane and the broad face is close to 15°. Therefore, the activated slip system is 
probably the a1 prismatic slip. 
5.2 Loading direction along [0001] α // [101] β 
5.2.1 α single phase micro-pillars 
Figure 5-5 shows the stress-strain curves obtained from the α micro-pillars when 
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loaded along the [0001] direction. After the micro-pillars reach the yield point, 
serration on the stress can be observed. In the curves obtained from the 3 μm micro-
pillars, there is a large stress drop at about 7% strain. When micro-pillar size 
decreases, there is no such shearing and large stress drop observed. The yield 
stresses recorded are listed in Table 5.3. The yield stress was increased from 2298 
MPa to 2963 MPa with the micro-pillars diameters reducing from 5 μm to 1 μm. 
However, the 0.5 diameter µm micro-pillar has a drop of yield stress to 2544 MPa. 
This could be caused by the uncertainty of the contact between the punch and the 
top surface of the micro-pillar at the beginning of compression.The elastic moduli 
measured from the linear loading parts of the compression stress-strain curves in 
Table 5.3 are of 173 GPa -148 GPa when the micro-pillar diameters reduced from 
5 μm to 0.5 μm, which is a bit higher than the 146 GPa reported from CP-Ti along 
[0001] direction [102].   
The SEM images in Figure 5-6 show the morphology of a 3 μm diameter micro-
pillars containing the α phase after compression to different strains. There is no 
observable shearing of micro-pillar at 2% strain, with only some fine slip traces 
appeared on the side surface of α micro-pillars. A slip trace moving from the top 
surface and through the micro-pillar appeared on the side surface of micro-pillars 
after 5% strain (Figure 5-6 (b)), and a large shearing of the top part of micro-pillar 
can be observed at 7% strain (Figure 5-6 (c)). There is only one slip band with a 
large step on the side surface to accommodate the deformation instead of multiple 
slip bands, corresponding to the large stress drop in Figure 5-5. In the SEM images, 
the angles between the top surface of micro-pillar and the slip plane were ~30° for 
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all pillars. This angle is close to the angle between (0001) and pyramidal planes. 
Therefore, the slip system is likely to be <c+a> slip rather than <a> slip 
5.2.2 Micro-pillars containing a β layer through the α phase 
Figure 5-7 shows the stress-strain curves obtained from the compression of micro-
pillars containing α and β phases along [0001] loading direction. Compared with 
the curves in Figure 5-5, the curves in Figure 5-7 are smoother and there is no large 
stress drop in all curves. It was also reflected in the SEM images in Figure 5-8, no 
large shear observed in the micro-pillars containing β fillet.  
The SEM images in Figure 5-8 show the morphology of a 3 μm diameter micro-
pillars containing α and β phases after compression to different strains along [0001]. 
Images from top to bottom show the samples with 2%, 5%, and 7% strain. 
Compared with the micro-pillars without a β phase in Figure 5-6, there is no 
apparent difference of micro-pillar at 2% strain. However, the micro-pillars 
containing both α and β phases show no observable slip trace until 7% strain. 
Another difference in the series of micro-pillars containing a β layer is that the 
plastic deformation no longer appeared in the form of shearing with clear slip traces. 
Instead, a swell on the side wall of micro-pillars accommodated the deformation. 
5.2.3 Micro-pillars containing large volume fraction of β phase 
The results above show that the strength changes after introducing the β phase into 
micro-pillars. To understand the strength of the β phase, micro-pillars containing a 
large volume fraction of β phase were prepared in the [0001] α // [101] β colony. The 
compression results of the micro-pillars with 3 μm diameter along [0001] α // [101] 
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β loading direction containing large volume fraction of β are put together with 
stress-strain curves of other micro-pillars of 3 μm diameter in the same colony, as 
shown in Figure 5-9. The strength of micro-pillars decreased with the increasing 
volume fraction of β phase. The stress obtained from the micro-pillars containing a 
large volume fraction of β phase can be regarded as the strength of β phase as there 
is no observable deformation in the α phase. However, compared with the micro-
pillars containing only the α phase, the micro-pillars containing β fillet between two 
α, the stress decreased because the softer β phase shared the cross-section area with 
the stronger α phase. For example, the yield stress of the 3 µm diameter α phase 
micro-pillar is 2878 MPa. The yield stress of the 3 µm diameter micro-pillar 
containing 0.7 µm thickness β phase decreased to 2199 MPa. As the measured yield 
stress of micro-pillars contains higher volume fraction of β in Table 5.5 shows, the 
β phase yield strength is 615 MPa along this orientation in the 3 µm size.  
In Figure 5-9, the three different types of micro-pillars were compressed to three 
distinctively different sets of stress-strain curves. There are 3 or 4 repeated tests 
under each test condition and they show good reproducibility.  
The SEM images of a micro-pillars with a large volume fraction of β phase are 
shown in Figure 5-10. The top half is the β phase and the bottom half the α phase. 
Figure 5-10 (a) shows the micro-pillar before compression and Figure 5-10 (b) 
shows the micro-pillar after 8% compression. It is shown clearly in Figure 5-10 (b) 
that the top β phase was deformed heavily, but α phase at the bottom of the micro-
pillar had no observable deformation.   
Another micro-pillar with a different shape of β phase, the half β phase at the top 
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left and half α phase at the bottom right, was prepared in the same colony as shown 
in Figure 5-11 (a).  After applying 8% plastic strain shown in Figure 5-11 (b), the β 
phase on the top of the micro-pillar has been deformed heavily with two sets of 
visible slip bands while no observable deformation can be seen in the α phase. 
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Figure 5-1 Stress-strain curves obtained from the compressed micro-pillars of different diameters 
containing α only along [11̅00] loading direction (5µm: pillar #1, 3µm: pillar #3, 1µm: pillar #5, 
0.5µm: pillar #8). There are increasing yield stresses with decreasing diameter, but the work 
hardening rates decreased with decreasing diameters. 
 
Figure 5-2 SEM images of 3 μm diameter micro-pillars containing α phase after 4% strain. The 
typical morphology of micro-pillars compressed in [11̅00] colony is one set of slip traces can be 
observed, as indicated by the arrow. 
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Figure 5-3 Stress-strain curves of the 2% – 4% compressed micro-pillars of different diameters 
containing β fillet between two α along [11̅00] α // [101̅] β loading direction (5µm: pillar #10, 
3µm: pillar #11, 2µm: pillar #12, 1µm: pillar #13). The yield stress, work hardening rate, flow 
stress serration increased with micro-pillar size decreasing.  
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Figure 5-4 (a) SEM images of 3μm diameter micro-pillar containing β fillet through α phase after 
4% strain in [11̅00] α // [101̅] β loading direction. (b) The high magnification in the region marked 
in the image (a). It shows 15° between the slip plane and the α/β interfaces. The other micro-
pillars compressed in [11̅00] have similar morphology. 
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Figure 5-5 Stress-strain curves obtained from the compression of micro-pillars of different 
diameters containing only α phase along [0001] (5µm: pillar #15, 3µm: pillar #17, 1µm: pillar 
#24, 0.5µm: pillar #26). There is not much difference in the yield stresses between different sizes, 
but the work hardening rate increased with micro-pillar size decreasing. (The 5µm micro-pillar 
reached the max force of the indenter after yielding)   
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Figure 5-6 SEM images of (a) 2% strain, (b) 5% and (c) 7% compressed 3 μm micro-pillars 
containing only α phase with [0001] loading direction. There is no observable shearing of micro-
pillar at 2% strain and a large shearing of the top part of micro-pillar appeared at 7% strain 
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Figure 5-7 Stress-strain curves of the 5% compressed micro-pillars of different diameters 
containing β fillet between two α along [0001] α // [101] β loading direction (5µm: pillar #30, 3µm: 
pillar #33, 2µm: pillar #37, 1µm: pillar #42). There is no observable change of work hardening 
rate with diameter in this group of micro-pillars) 
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Figure 5-8 SEM images of (a) 2% strain, (c) 5% strain and (b) 7% compressed 3 μm micro-pillars 
containing α and β phases along [0001]  α // [101] β loading direction. The plastic deformation does 
not appear in the form of shearing. 
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Figure 5-9 Stress-strain curves of the 2%, 5%, and 7% compressed 3 μm micro-pillars containing 
only α (black curves), β fillet between two α (blue curves), and major β with small amount of α 
(red curves) along [0001] α // [101] β loading direction 
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Figure 5-10 SEM images of the 3 μm micro-pillar containing β phase in the top and α phase in the 
bottom along [0001] α // [101] β loading direction. (a) is before compression and (b) is after 8% 
compression  
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Figure 5-11 SEM images of the 3 μm micro-pillar containing half β phase at the top left and half α 
phase at the bottom right along [0001] α // [101] β loading direction. (a) is before compression and 
(b) is after 8% compression. Two sets of slip bands (indicated by arrows) generated in β phase. 
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Table 5.1 The yield stress calculated CRSS determined from the compression of pillars of different 
diameters containing α only in [11̅00] loading direction. (SD = standard deviation) 
Pillar 
diameter 
Pillar 
No. 
E (GPa) 
0.2% offset yield stress 
(MPa) 
CRSS for 
<a> 
prismatic 
slip (MPa) 
Individual Average SD Individual Average SD 
5 μm 
1 162 
140 31 
771 
775 5 336 
2 118 779 
3 μm 
3 134 
143 13 
923 
881 59 381 
4 153 839 
1 μm 
5 151 
138 18 
1217 
1114 144 482 
7 126 1012 
0.5 μm 
8 145 
128 23 
1144 
1125 26 487 
9 112 1106 
 
Table 5.2 Experimental yield stress and flow stress of different diameters containing β between α 
along [11̅00] α // [101̅] β loading direction. Yield stress and CRSS for the prismatic slip in α phase 
decreased.  
Pillar 
diameter 
Pillar No. E (GPa) 
0.2% offset 
yield stress 
(MPa) 
CRSS for <a> 
prismatic slip (MPa) 
5 μm 10 108 692 300 
3 μm 11 118 729 316 
2 μm 12 113 785 340 
1 μm 13 109 823 356 
  
 77 
 
Table 5.3 Experimental yield stress and flow stress of different diameters containing α only along 
[0001] loading direction.  
Pillar 
diameter 
Pillar 
No. 
E (GPa) 
0.2% offset yield stress 
(MPa) 
CRSS for 
<c+a> slip 
on {112̅2} 
plane (MPa) 
Individual Average SD Individual Average SD 
5 μm 
15 167 
173 9 
2241 
2298 80 1036 
16 180 2355 
3 μm 
17 163 
171 5 
2853 
2878 281 1298 
18 175 3062 
19 171 3109 
21 175 2491 
1 μm 
22 154 
156 2 
2884 
2963 111 1336 
24 158 3041 
0.5 μm 26 148 148 - 2544 2544 - 1147 
 
Table 5.4 Experimental yield stress and flow stress of different diameters containing β between α 
phases along [0001] α // [101] β loading direction. 
Pillar 
diameter 
Pillar 
No. 
E (GPa) 
0.2% offset yield stress 
(MPa) 
CRSS for 
<c+a> slip 
on {112̅2} 
plane (MPa) 
Individual Average SD Individual Average SD 
5 μm 
27 89.5 
92 6 
1900 
1938 122 874 
28 93.7 1964 
29 101.3 2104 
30 84.3 1764 
31 90.8 1959 
3 μm 
32 120 
115 9 
2178 
2199 45 992 
33 102 2231 
34 121 2242 
35 118 2145 
2 μm 
37 102 
105 5 
1905 
2059 217 929 
38 109 2213 
1 μm 
41 122 
118 6 
2207 
2278 100 1027 
42 114 2349 
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Table 5.5 Experimental yield stress of 3 μm diameter micro-pillars diameters containing different β 
volume fractions with α phases along [0001] α // [101] β loading direction. Yielding happened in β 
phase first in all these samples.   
β volume fraction 
Pillar 
No. 
E (GPa) 0.2% offset yield stress (MPa) 
Individual Average SD Individual Average SD 
49 % through pillar 46 51 
60 6 
588 
615 58 
71 % though pillar 47 66 579 
34 % at pillar top 48 61 591 
69 % at pillar top 49 62 703 
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Chapter 6 Dislocation analysis 
The study on the deformation microstructure focuses on the dislocation analysis of 
the micro-pillars with different diameters (from 1 µm to 5 µm) compressed along 
different loading directions ([11̅00] α // [101̅] β or [0001] α // [101] β) to different 
strains.  
First of all, the microstructure of the alloy before any compression test was studied 
on several TEM foils prepared from the undeformed bulk Ti-6Al-4V sample after 
the heat-treatment. For example, a TEM foil extracted with its normal direction 
parallel to [0001] is shown in Figure 6-1, the sample is almost free of dislocations. 
Therefore, the effect of initial dislocation densities is regarded as negligible in the 
current study.  
6.1 Micro-pillars compressed along [1?̅?00] α // [10?̅?] β 
6.1.1 The α single phase micro-pillar of 5 μm diameter compressed 
along [1?̅?00]  
The pillar #2 in Table 4.5 is an α single phase micro-pillar of 5-μm diameter after 
compressed to 3.5% strain along [11̅00]. Its SEM image is shown in Figure 6-2. 
There are several slip bands observable between the two arrows indicated in Figure 
6-2. The stress-strain curve of the sample is shown in Figure 6-3 and it can be 
generally characterized as (i) elastic loading, (ii) followed by a transition to stable 
flow and a continually decreasing work-hardening rate after the onset of plastic 
flow, (iii) displaying no large strain bursts. 
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A TEM foil parallel to the basal plane was extracted from the deformed pillar 
following the dashed lines indicated in Figure 6-2 and its images were shown in 
Figure 6-4. When imaged along [0001] with g = 112̅0, as shown in Figure 6-4 (a), 
two sets of dislocations are visible and their slip planes are edge-on. Two more 
STEM images were taken to determine the Burgers vectors and slip planes of these 
dislocations. Figure 6-4 (b) was taken with B.D.~[0001], g = 011̅0. The prismatic 
a1 dislocations 1/3[21̅1̅0](01̅10) become invisible. The prismatic a2 dislocations 
1/3[12̅10](101̅0) are visible and the slip plane becomes edge-on. Figure 6-4 (c) was 
taken with B.D.~[0001], g = 101̅0. The prismatic a2 dislocations 1/3[12̅10](101̅0) 
become invisible. The prismatic a1 dislocations 1/3[21̅1̅0](01̅10) become visible 
and their slip planes are shown as edge-on. The diffraction conditions used for the 
imaging of these two sets of prismatic a1 and a2 dislocation are listed in Table 6.1. 
The analysis results are consistent with the Schmid factor calculation (Table 4.2) 
where two <a> prismatic slip systems are expected to be activated. 
As explained in section 4.2, the loading direction is 6.3 away from [11̅00]. This 
resulted in the prismatic a1 slip system 1/3[21̅1̅0](01̅10) became the dominant one 
which has sheared the micro-pillar and generated 8 steps as high as ~230 nm in total 
on the side surface of the micro-pillar in Figure 6-4. Only a few dislocations are of 
a2 1/3[12̅10](101̅0) type and they are mainly located at the top right corner of the 
sample. 
To assess the edge or screw character of the dislocations, the beam direction was 
tilted within the normal plane of the Burgers vector. If the projections of the 
dislocation lines are parallel with the corresponding Burgers vector, the dislocations 
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are screw type; if perpendicular, they are edge type; otherwise, they are mixed type. 
For example, the STEM images in Figure 6-5 is a bright field STEM image taken 
along B.D.~[011̅2], showing that a heavily deformed region corresponding to the 
shear banded region. As the dislocation lines in the slip system are curved, or the 
straight segments are neither edge nor screw, they are mixed dislocations.  
The dislocation density is determined as the total length of dislocation line in a unit 
volume [112]. It is defined as:  
ρ = (4/π)R/At           (Equation 6-1),   
where R is the total projected length of dislocation lines in a given area A on a TEM 
micrograph, t is the thickness of the TEM sample. Dislocation densities in the 
compressed micro-pillars were calculated based on the STEM image in Figure 6-5. 
To shorten the calculation time, the dislocation density ρ was approximated using 
equation [112, 113]: 
ρ ≈ 2N / tL             (Equation 6-2), 
where N is the number of intersected dislocations with a set of random lines with a 
total length L. The dislocation density in the dominant slip bands was calculated to 
be ~5.9 x 1013 m-2 in Figure 6-5. 
6.1.2 The α single phase micro-pillar of 1 μm diameter compressed 
along [1?̅?00] 
A TEM sample was prepared from the α single phase micro-pillar of 1 μm diameter 
compressed to 3% strain along [11̅00] (pillar #5 in Table 4.5). Its stress-strain curve 
is shown in Figure 6-6, Differently from Figure 6-3, the sample with smaller 
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diameter can be characterized as (i) nonlinear loading at the first 0.5% strain which 
was commonly displayed in the smaller pillars due to the misalignment between the 
top surface of micro-pillar and the punch, (ii) work-hardening transiting to work 
softening at ~0.5% after the yield point, (iii) containing several large stress drops 
and their magnetite increased with strain. When imaged along [0001] with g = 112̅0, 
as shown in Figure 6-7 (a), two sets of dislocations are visible and their slip planes 
are edge-on. Similarly, they can be identified using STEM image in Figure 6-7 (b) 
taken with B.D.~[0001], g = 101̅0. The prismatic a2 dislocations 1/3[12̅10](101̅0) 
become invisible. The prismatic a1 dislocations 1/3[21̅1̅0](01̅10) become visible 
and their slip planes are shown as edge-on. The diffraction conditions used for the 
imaging of these two sets of a1 and a2 prismatic slip systems are listed in Table 6.2. 
The dislocation density was estimated to be ~ 3.1 x 1013 m-2 based on the STEM 
images in Figure 6-7 (c) with B.D.~[011̅2]. g = 2̅110, and multiple slip steps can be 
observed on the side surface of the 1 µm diameter micro-pillar, as indicated by 
arrows in Figure 6-7 (a). 
6.1.3 The α/β micro-pillar of 3 μm diameter compressed along 
[1?̅?00] α // [10?̅?] β 
A micro-pillar of 3 μm diameter containing both α and β phases (the pillar #11 in 
Table 4.5) was prepared from the same colony and compressed along [11̅00] α // 
[101̅] β. Figure 6-8 (a) shows a shear band runs through the whole pillar from the 
top surface and left a big step on the right side of the pillar, as indicated by the white 
arrow. This shear band corresponds to the one recorded on SEM (cf. Figure 5-4). 
There is another set of dislocations (indicated by black arrow) generated from just 
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underneath the β phase which however has not run through the whole pillar and 
stopped in front of the black arrow. Figure 6-8 (b) shows the magnified area in 
Figure 6-8 (a) that short dislocations come out from the upside of α/β. The 
dislocation density in the α phase was calculated to be ~4.7 x 1013 m-2 based on the 
STEM image in Figure 6-8 (a), which is slightly lower than that in the 5 µm 
diameter α single phase pillar but slightly higher than that in the 1 µm diameter α 
single phase micro-pillar. What should be noticed is that this dislocation density 
only revealed the situation in the micro-pillar unloaded at the 4% strain. The 
dislocation densities are probably different at different strains based on the stress-
strain curve of this sample shown in Figure 6-9. It showed a work-hardening for 
~0.3% strain after the yield and turned to work softening to ~2% strain and then 
gradually transited to work hardening again. The serration of stress is much smaller 
compared with the micro-pillar without α/β interface in Figure 6-3. 
The STEM bright field image in Figure 6-10 (a) was taken with the electron beam 
direction parallel to the foil normal direction [0001] α // [101] β with g = 112̅0. All 
dislocations are visible and the slip bands are shown edge-on in both α and β phases. 
The two sets of prismatic a1 and a2 slip systems could be identified following the 
diffraction conditions used, as listed in Table 6.2. The primary slip system is the a1 
prismatic slip system 1/3[21̅1̅0](01̅10), the same as that in the single α phase pillar 
of 5 μm diameter. The a2 prismatic slip system 1/3[12̅10](101̅0) however has not 
cut through the α/β interface. 
The slip systems activated in β phase were also identified based on the dislocations 
visibility criterion and the slip plane edge-on condition. In Figure 6-10 (a) when 
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B.D. ~ [101] β, both slip planes of two sets of slip systems are shown edge-on. In 
Figure 6-11 (a), when B.D.~[111], g = 1̅10, the dominant slip system became 
invisible and the other slip system is visible. In Figure 6-11 (b), when B.D.~[111], 
g = 011̅, the dominant slip system is visible and the other slip system becomes 
invisible. Based on the diffraction conditions of the slip systems summarized in 
Table 6.2, the two slip systems can be inferred as b1 1/2[111̅](1̅21) plane and b2 
1/2[11̅1̅](121̅) from the slip systems as listed in Table 4.3 and they are consistent 
with the prediction based on the Schmid factors of the slip system as shown in Table 
4.3. 
A series of higher magnification STEM bright filed images under the same beam 
condition as that in Figure 6-10 (a) are shown in Figure 6-12. The slip b1 and b2 are 
corresponding to the two sets of slip a1 and a2 in the α phase. The angle between a1 
and b1 was measured to be ~ 0.5°. The fact that the magnitude difference between 
|𝒂1|  = 0.295 nm and |𝒃1|= 0.284 nm [51] is less than 4% suggests that the 
dislocation of the a1 prismatic slip system can transfer through the α/β interface, 
with very small residual strain at the interface, as reported in the bulk Ti-6Al-4V 
sample [51]. However, a2 and b2 have a large angular difference of ~ 12.8°. As the 
angles between two planes (0001) and (101) is almost zero and the prismatic slip 
planes for a1 and a2 and (1̅21) / (121̅) slip planes for b1 and b2 are all normal to 
(0001)α // (101)β. Therefore, the angle between (01̅10) and (1̅21) slip plane are same 
as the ~ 0.5° angle between a1 and b1, and the angle between (101̅0) and (121̅) slip 
plane are same as the ~ 12.8° angle between a2 and b2. 
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As shown in Figure 6-10, no a2 dislocation or shear band formed have cut through 
the α/β interface. Several b2 dislocations can be observed in the β phase near the top 
α/β interface, but not in the middle or bottom α/β. 
6.1.4 The α/β micro-pillar of 1 μm diameter compressed along 
[1?̅?00] α // [10?̅?] β 
The SEM image in Figure 6-13 is obtained from the micro-pillar (the pillar #13 in 
Table 4.5) of 1 μm diameter containing both α and β phases compressed along 
[11̅00] α // [101̅] β showing only one set of visible parallel slip bands. The stress-
strain curve of the micro-pillar is shown in Figure 6-14. It showed a gradually 
decreased work-hardening rate after yield and relatively large magnitude serration 
of stress compared with the pillar of larger diameter in section 6.1.3. 
The TEM foil was prepared parallel to the basal plane (0001) of the α phase. In the 
STEM bright field image shown in Figure 6-15 (a) taken with B.D.~ [0001]α // 
[101]β, g = 112̅0α // 020β, there is one set of slip system in the α phase and its slip 
plane is shown edge-on. When the imaging condition is changed to B.D.~ [0001], 
g = 011̅0, as shown in Figure 6-15 (b), the dislocations in the α phase become 
invisible. When the imaging condition is changed to B.D.~ [12̅13], g = 101̅0, as 
shown in Figure 6-15 (c), a1 dislocations show as curved dislocation lines. 
Therefore, these are a1 dislocations belong to the prismatic slip system 
1/3[21̅1̅0](01̅10). The diffraction conditions used for the imaging are listed in Table 
6.4. A higher magnification STEM bright field image of the β phase is shown in 
Figure 6-16 (a) with B.D.~[101], g = 020. It shows that one set of corresponding b1 
dislocations in the β phase become visible and their slip plane is shown edge-on. 
 86 
 
When the imaging condition is changed to ~[102], g = 020, as shown in Figure 6-16 
(b), the curved dislocations are clearly visible. The curvature indicated the 
dislocations moving from the side surface of the micro-pillar towards the upside α/β 
interface. It can be inferred that these are 1/2 [111̅] (1̅21) dislocations from the slip 
systems as listed in Table 4.3 according to the observation of diffraction condition 
summarized in Table 6.5.  
6.2 Micro-pillars compressed along [0001] α // [101] β 
6.2.1 The α single phase micro-pillar of 1 μm diameter compressed 
along [0001] 
In Figure 6-17, the α single phase micro-pillar (Table 4.5 micro-pillar #24) of 1 μm 
diameter compressed to 6% strain along [0001] shows no obvious slip band on the 
side surface in the SEM image. Instead, it swells at the right side of the micro-pillar. 
The stress-strain curve of the micro-pillar is shown in Figure 6-18. The first ~1% 
strain after yield shows a strong work-hardening, and then it changes to a relatively 
low but constant work hardening rate. The serration of stress keeps at a low 
magnitude.  
A TEM foil was extracted from the middle of the micro-pillar along the dash lines 
in Figure 6-17, with the foil normal direction parallel to [21̅1̅0]. Figure 6-19 is the 
STEM image taken with the electron beam direction ~[21̅1̅0], g = 0002, where all 
<c+a> type dislocations are visible. In this sample, the top part of the pillar has been 
subjected to heavy deformation and contains a very dense dislocation structure 
which is difficult to analyze individually.  
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In the middle of the micro-pillar, three groups of dislocations can be identified and 
are marked as I, II and III in Figure 6-19 (a). The three groups can be identified 
from the twelve 1st order pyramidal <c+a> slip systems and six 2nd order pyramidal 
<c+a> slip systems as listed in Table 4.2, based on the invisibility and edge-on 
condition of these dislocations and slip planes under different imaging conditions 
used as shown in Figure 6-19. Firstly, no 1st order pyramidal <c+a> dislocation on 
{101̅1} plane should be shown edge-on when beam direction is along ~[42̅2̅3̅], 
[11̅00], or [101̅0], while the slip planes of dislocations (I and III) are edge-on in 
Figure 6-19 (c) and (d). Therefore, these slip systems are likely the 2nd order 
pyramidal <c+a> dislocations. The visibility analysis of six 2nd order pyramidal 
<c+a> dislocations is listed in Table 6.6. Group Ⅰ dislocations are always visible in 
Figure 6-19 (a), (b), (c), (d), and (e) and become edge-on only in Figure 6-19 (d) 
when the beam direction is along [11̅00]. Therefore, they belong to slip system 
1/3[112̅3] (1̅1̅22). Group Ⅲ dislocations are always visible in Figure 6-19 (a), (b), 
(c), (d), and (e) and their slip planes become edge-on when the beam direction is 
parallel to [42̅2̅3̅] as shown in Figure 6-19 (c) or parallel to [101̅0] as shown in 
Figure 6-19 (e). Therefore, this set of dislocations belong to slip system 1/3 [1̅21̅3] 
(12̅12). For Group Ⅱ dislocations, they are always visible except when g = 01̅10 
and they are not shown edge-on in any of the conditions used here. However, in 
Figure 6-19 (a) (d) and (e), the dislocation lines of Group Ⅱ dislocations are at their 
longest length when B.D. is ~[21̅1̅0], and the same dislocation line has about √3/2 
of the longest length when B.D. is ~[1 1̅00] and [10 1̅0]. This indicates these 
dislocation lines are <c+a> dislocations on either (2 1̅1̅2) or ( 2̅112) rather on 
{101̅1} planes. It is also noticed that when the beam direction was tilted from 
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[21̅1̅0] to [42̅2̅3̅], the spacing between dislocations in this group becomes shorter. 
This suggests that these dislocations are likely on (2̅112) plane rather than on 
(21̅1̅2). In other words, the Group Ⅱ dislocations belong to slip system 1/3[21̅1̅3] 
(2̅112). 
6.2.2 The α/β micro-pillar of 1 μm diameter compressed along [0001] 
α // [101] β 
A TEM foil in Figure 6-20 was prepared from the α/β micro-pillar (the pillar #39 in 
Table 4.5) of 1 μm diameter compressed to 2% strain along [0001] α // [101] β. Its 
stress-strain curve is shown in Figure 6-21. The pillar was unloaded shortly after 
the yield and it only shows the part of the stress-strain curve with high work-
hardening rate and no obvious serration of stress. The foil normal direction is 
parallel to [21̅1̅0]α // [111̅] β. As shown in Figure 6-20 (a), two sets of dislocations 
marked as Ⅰ and Ⅱ are observable.  Set Ⅰ dislocations are determined to be 1/3[2̅113] 
(2̅112). The procedure used to determine the slip system is the same as that stated 
in the previous section. Dislocations in set Ⅱ are visible and their slip plane is edge-
on when the imaging condition is B.D.~ [21̅1̅0] and g = 0002̅. Therefore, this set of 
dislocations are likely the <c+a> dislocations on (01 1̅1) plane. However, the 
available imaging conditions are not enough g to determine the Burgers vector 
between 1/3[12̅13] and 1/3[1̅1̅23] in this set of dislocations. Although the shear of 
β phase in the 1 µm micro-pillar can be seen clearly in Figure 6-20, the β phase in 
this sample is too narrow to analyze the dislocations inside.  
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6.2.3 The α/β micro-pillar of 2 μm diameter compressed along 
[0001] α // [101] β 
A TEM foil with foil normal direction ~[21̅1̅0] α // [111̅] β was extracted from a α/β 
micro-pillar (the pillar #37 in Table 4.5) of 2 μm diameter compressed to 6.5% 
strain along [0001] α // [101] β, with the SEM image shown in Figure 6-22 and the 
stress-strain curve shown in Figure 6-23. There is no observable slip trace on the 
side face of the micro-pillar. Correspondingly, the stress-strain curve is relatively 
smooth without any observable stress drops. The work-hardening rate shows similar 
trend as other pillars in this orientation: a large work-hardening rate after the yield 
transiting into a constant work-hardening rate after ~1% strain. 
In this sample, there is a heavily deformed area with some recognizable dislocations 
outside of the area. The slip systems outside of the heavily deformed area are similar 
to those in the α single phase micro-pillar of 1 μm diameter compressed to 6.5% 
strain along [0001]. Based on the invisibility and edge-on condition analysis, as 
shown in Figure 6-24, dislocations marked (I, II and III) are determined to be <c+a> 
dislocations on the 2nd order pyramidal plane. Slip system Ⅰ is 1/3 [1̅1̅23] (112̅2). 
Slip system Ⅱ is 1/3 [1̅21̅3] (12̅12). Slip system Ⅲ is 1/3 [21̅1̅3] (2̅112). The 
imaging conditions used are listed in Table 6.8. As the slip systems analysis is 
similar to the section 6.2.1, it is not repeated here. 
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6.2.4 The α/β micro-pillar of 3 μm diameter compressed along 
[0001] α // [101] β 
A TEM sample (as shown in Figure 6-25 and Figure 6-26) was extracted from the 
α/β micro-pillar of 3 μm diameter compressed to 2.5% strain along [0001] α // [101] 
β with the foil normal direction ~[21̅1̅0], α // [111̅] β, i.e. perpendicular to the α/β 
interface (the pillar #32 in Table 4.5). Its stress-strain curve in Figure 6-27 shows 
similar trend as other pillars in the orientation. The STEM image in Figure 6-25 (a) 
was taken with B.D.~[21̅1̅0] α // [111̅] β, g = 0002̅ α // 1̅01̅ β. Two sets of <c+a> 
dislocations in the α phase, marked as Ⅰ and Ⅱ, are visible. Two sets of dislocations 
in the β phase are also visible as well. The dislocations in set Ⅰ become edge-on 
when B.D.~[42̅2̅3̅], g = 11̅02 as shown in Figure 6-25 (b). This slip system was 
identified as the 2nd order pyramidal <c+a> slip 1/3[1̅1̅23] (112̅2). The slip planes 
of dislocations in set Ⅱ become edge on when B.D.~[21̅1̅0], g = 0002̅ as shown in 
Figure 6-25 (a). These dislocations can be identified as <c+a> pyramidal slip on 
(01 1̅1) plane. However, the available imaging conditions are not enough g to 
determine the Burgers vector between 1/3[1 2̅13] and 1/3[1̅1̅23] in this set of 
dislocations. The imaging conditions are listed in Table 6.9.  
Two groups of dislocations are observable in the β phase. In Figure 6-25 (c), they 
are marked as b1 and b2, all dislocations in the β phase are shown edge-on when 
B.D.~ [101̅], g = 1̅01̅. According to the STEM image in Figure 6-26 (a) taken with 
B.D.~ [111̅], g = 11̅0, the dislocations in group b1 become invisible. In Figure 6-26 
(b) taken with B.D. ~[111̅], g = 011, the dislocations in group b2 become invisible. 
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According to the imaging conditions as summarized in Table 6.10. The two groups 
of dislocations can be identified as 1/2[111](12̅1) and b2 1/2[11̅1](121).  
6.2.5 The micro-pillar containing β phase in majority of 3 μm 
diameter compressed along [0001] α // [101] β 
The SEM image in Figure 6-28 shows two sets of slip traces on the 3 μm diameter 
micro-pillar containing β phase in majority along [0001] α // [101] β after 8% 
deformation (the pillar # 37 in Table 4.5). Its stress-strain curve is shown in Figure 
6-29. In the first ~1% strain after yield, the serration of stress is obvious. It is likely 
to be the deformation of the β phase at the top of the pillar. After that, it transits into 
a smooth curve with constant work-hardening rate, which is quite similar to the 
deformation curves of α phase in the previous section.  
A TEM foil with the normal direction parallel to [101̅] was extracted from the 
deformed pillar. The STEM image in Figure 6-30 (a) was taken with B.D. ~[101̅], 
g = 02̅0. The left part (about 2/3 of the total foil area) is the β phase and the right 
part is the α phase. Most dislocations are accommodated in the β phase. In the β 
phase, two sets of dislocations (b1 and b2) are visible and shown edge-on. The 
imaging conditions for Figure 6-30 (b) are B.D.~ [111̅], g = 11̅0, which makes the 
b1 dislocations invisible. In Figure 6-30 (c) with B.D. ~[11 1̅ ], g = 011, b2 
dislocations are invisible under the imaging conditions. According to the imaging 
conditions analysis summarized in Table 6.11, these two slip systems can be 
identified as b1 1/2[111](12̅1) and b2 1/2[11̅1](121).  
In summary, the slip systems activated in the micro-pillars compressed along two 
different orientations were identified in this chapter. In all micro-pillars compressed 
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along ~[11̅00], regardless of the existence of the α/β interface, a1 prismatic slip is 
dominant and fewer a2 prismatic dislocations are activated due to the deviation from 
the exact [11̅00]. In micro-pillars compressed along [0001], both 1st order and 2nd 
order pyramidal <c+a> dislocations can be observed at 2% strain. However only 
2nd order pyramidal <c+a> slip can be identified from the edge of the heavily 
deformed area when compressed to 7% strain. The dislocation distributions and 
interaction with the α/β interface were also observed. The relation between the TEM 
analysis results in this chapter and the mechanical test results in Chapter 5 will be 
discussed in the next chapter. 
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Figure 6-1 Bright-field TEM image obtained from the as-annealed Ti-6Al-4V sample. The sample 
is free of dislocations in both α and β phases under different beam conditions. 
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Figure 6-2 SEM image obtained from an α single phase pillar of 5 μm diameter deformed to 3.5% 
strain along [11̅00]. Two parallel shear bands (as indicated by the arrows) are visible. The TEM 
foil was cut from top to bottom along the dashed line. 
 
 
Figure 6-3 The stress-strain curve corresponding to the TEM sample in section 6.1.1.  
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Figure 6-4 STEM bright image obtained from an α single phase pillar of 5 μm diameter compressed along [01̅10]. The foil 
normal direction is parallel to [0001̅], (a) B.D.~[0001], g =112̅0. Two sets of slip systems are visible and their slip planes 
are edge-on. (b) B.D.~[0001], g = 011̅0. Slip system 1/3[21̅1̅0](01̅10) became invisible. (c) B.D.~[0001], g = 101̅0. Slip 
system 1/3[12̅10](101̅0) became invisible. 
 
 
Figure 6-5 STEM image of slip bands in Figure 6-2 B.D.~[011̅2], g = 2̅110. The slip bands consist of 
curved dislocation lines coming from the micro-pillar top surface.
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Figure 6-6 The stress-strain curve corresponding to the TEM sample in Section 6.1.2
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Figure 6-7 STEM image of the α single phase micro-pillar of 1 μm diameter compressed along [11̅00], (a) B.D.~[0001], g = 112̅0. Two sets of dislocations are visible and their slip planes are edge-on. The slip bands are intermittent but 
steps generated on both side of side faces of the micro-pillar (as indicated by arrows). (b) B.D.~[0001], g = 101̅0. Slip system 1/3[12̅10](101̅0) became invisible (c) B.D.~[011̅2]. g = 2̅110. The dislocation density in the sample is smaller 
than the 5 μm diameter micro-pillar in Figure 6-4. 
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Figure 6-8 STEM bright field image of micro-pillar obtained from the α/ β micro-pillar of 3 μm diameter compressed along [11̅00] α // [101̅] β. (a) B.D.~[011̅2], g = 2̅110. A set of dislocations original from the top surface sheared the β 
lath and generated a step on the side surface as indicated by the white arrow. Another set of dislocations original from the downside α/β interface but failed to move through the micro-pillar as indicated by the black arrow. (b) 
B.D.~[101̅2], g= 12̅10. Some dislocations came out from the upside α/β interface.  
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Figure 6-9 The stress-strain curve corresponding to the TEM sample in Figure 6-8 
 100 
 
 
          
Figure 6-10 STEM bright field image of micro-pillar obtained from the α/ β micro-pillar of 3 μm diameter compressed along [11̅00] α // [101̅] β. (a) B.D.~[0001] α // [101] β, g = 112̅0 α // 02̅0 β. a1 and a2, b1 and b2 are visible and their slip 
planes are edge on. (b) B.D.~[ 1̅1̅23], g= 1̅011. a2 at the right top corner and the upside α/β interface are invisible.
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Figure 6-11 STEM bright field image obtained from the α/ β micro-pillar of 3 μm diameter compressed along [11̅00] α // [101̅] β micro-pillar (a) B.D.~[111], g = 1̅10, b1 is invisible. (b) B.D.~[111], g = 011̅, b2 is invisible. 
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Figure 6-12 Three higher magnification STEM bright field image of Figure 6-10 with same beam condition ([11̅00] α // [101̅] β. B.D.~[0001] α // [101] β, g = 112̅0 α // 02̅0 β). (a) The upper end of the α/β interface. Two sets of 
dislocations a1 and a2 exist in the α phase and two sets of corresponding dislocations b1 and b2 exist in the β phase. (b) The middle of the α/β interface. (c) The bottom end of the α/β interface. 
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Figure 6-13 The SEM image of the α/β micro-pillar of 1 μm diameter compressed along [11̅00] α // 
[101̅] β 
  
Figure 6-14 The stress-strain curve corresponding to the TEM sample in Figure 6-13
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Figure 6-15 The STEM image of the α/β micro-pillar of 1 μm diameter compressed along [11̅00] α // [101̅] β, (a) B.D.~[0001], g=112̅0, a1 prismatic slip plane was edge on. (b) B.D.~[0001], g=011̅, a1 dislocations became invisible.(c) ) 
B.D.~[12̅13], g=101̅0, a1 dislocations became curved  dislocation lines.
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Figure 6-16 The STEM image of the α/β micro-pillar of 1 μm diameter compressed along [11̅00] α // [101̅] β, (a) B.D.~[101], g = 020. The b1 slip system was edge on. (b) B.D.~[102], g = 020. It shows curved dislocation moved from the 
bottom upwards 
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Figure 6-17 The SEM image of the α single phase micro-pillar of 1 μm diameter compressed to 6% 
strain along [0001] before cutting TEM foil. No slip bands can be observed. The TEM foil was cut 
along the dashed line. 
 
 
Figure 6-18 The stress-strain curve corresponding to the TEM sample in Figure 6-17
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Figure 6-19 The STEM bright field image of the α single phase micro-pillar of 1 μm diameter compressed to 6% strain along [0001], (a) B.D.~[21̅1̅0], g = 0002̅. Slip system Ⅰ, Ⅱ, and Ⅲ were visible. (b) B.D.~[21̅1̅0], g = 01̅10, slip 
system Ⅱ was invisible, (c) B.D.~[42̅2̅3̅], g = 01̅10, slip plane of Ⅲ was edge on. (d) B.D.~ [11̅00], g=0002, slip plane of Ⅰ was edge on (e) B.D.~ [101̅0], g=0002̅. Slip plane of Ⅲ was edge on. 
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Figure 6-20 The STEM bright field image of the α/β micro-pillar of 1 μm diameter compressed along [0001]  α // [101] β, (a) B.D.~[21̅1̅0], g = 0002̅, slip plane of Ⅱ was edge on (b) B.D.~[21̅1̅0], g = 01̅10, slip plane of Ⅰ was invisible, (c) 
B.D.~[1̅100], g = 0002̅, (d) B.D.~[42̅2̅3̅], g = 11̅02 slip plane of Ⅰ was edge on. 
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Figure 6-21 The stress-strain curve corresponding to the TEM sample in Figure 6-20 
 
Figure 6-22 The SEM image of the α/β micro-pillar of 2 μm diameter compressed to 6.5% strain 
along [0001] α // [101] β before extracting TEM foil. 
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Figure 6-23 The stress-strain curve corresponding to the TEM sample in Figure 6-22
 111 
 
   
   
Figure 6-24 The STEM bright field image of the α/β micro-pillar of 2 μm diameter compressed to 6.5% strain along [0001] α // [101] β, (a) B.D.~[21̅1̅0], g = 0002̅. Slip system Ⅰ, Ⅱ, and Ⅲ were visible. (b) B.D.~[21̅1̅0], g = 01̅10, slip 
system Ⅱ was invisible, (c) B.D.~[42̅2̅3̅], g = 11̅02 slip plane of Ⅲ was edge on. (d) B.D.~ [11̅00], g=0002, slip plane of Ⅰ was edge on. 
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Figure 6-25 The STEM bright field image of the α/β micro-pillar of 3 μm diameter compressed to 2.5% strain along [0001] α // [101] β, (a) B.D.~ [21̅1̅0] // α // [111̅] β, g = 0002̅, the dislocations on (011̅1) plane (marked as Ⅱ) are edge 
on (b) B.D.~ [42̅2̅3̅], g = 11̅02. The dislocations (marked as I) on (112̅2) plane are edge on. (c) B.D.~ [11̅00] α // [101̅] β, g = 0002̅. Two sets of dislocations in the β phase marked as b1 and b2 are edge-on.  
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Figure 6-26 The STEM bright field image of the α/β micro-pillar of 3 μm diameter compressed to 2.5% strain along [0001] α // [101] β, (a) B.D.~ [111̅], g = 11̅0. (b) B.D.~ [111̅], g =011. 
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Figure 6-27 The stress-strain curve corresponding to the TEM sample in Section 6.2.4 
 
Figure 6-28 The SEM image of micro-pillar containing β phase in the majority of 3 μm diameter 
compressed to 8% strain along [0001] α // [101] β before extracting TEM foil.
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Figure 6-29 The stress-strain curve corresponding to the TEM sample in Figure 6-28
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Figure 6-30 The STEM bright field image of the micro-pillar containing β phase in majority of 3 μm diameter compressed to 8% strain along [0001] α // [101] β.. (a) B.D. ~[101̅], g = 02̅0. Slip plane of b1 and b2 were edge on (b) B.D. ~ 
[111̅], g =11̅0. b1 dislocations were invisible. (c)  B.D. ~[111̅], g = 011. b2 dislocations were invisible. 
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Table 6.1 The diffraction condition of α single phase micro-pillar of 5 μm diameter compressed 
along [11̅00] 
Beam 
direction 
g 
prismatic a1 slip system 
1/3[2?̅??̅?0](0?̅?10) 
prismatic a2 slip system 
1/3[1?̅?10](10?̅?0) 
[0001] 
011̅0 Invisible Visible (edge-on) 
101̅0 Visible (edge-on) Invisible 
112̅0 Visible (edge-on) Visible (edge-on) 
 
Table 6.2 The diffraction and edge on condition of α phase in the α/ β micro-pillar of 3 μm 
diameter compressed along [11̅00] α // [101̅] β 
Beam 
direction 
g 
prismatic a1 slip system 
1/3[2?̅??̅?0](0?̅?10) 
prismatic a2 slip system 
1/3[1?̅?10](10?̅?0) 
[0001] 
112̅0 Visible (edge-on) Visible (edge-on) 
101̅0 Visible (edge-on) Invisible 
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Table 6.3 The diffraction condition of slip systems in β phase in the α/ β micro-pillar of 3 μm 
diameter compressed along [11̅00] α // [101̅] β 
Beam direction g 1/2 [11?̅?] (?̅?21) 1/2 [1?̅??̅?] (12?̅?) 
[101] 020 Edge on Edge on 
[111] 
1̅10 Invisible Visible 
011̅ Visible Invisible 
 
 
Table 6.4 The diffraction condition of slip system in α phase in the α/β micro-pillar of 1 μm 
diameter compressed along [11̅00] α // [101̅] β 
Beam direction g prismatic a1 slip system 1/3[2?̅??̅?0](0?̅?10) 
[0001] 
112̅0 Visible  
011̅0 Invisible 
 
 
Table 6.5 The diffraction condition of slip system in β phase in the α/β micro-pillar of 1 μm 
diameter compressed along [11̅00] α // [101̅] β 
Beam direction g 1/2 [11?̅?] (?̅?21) 
[101] 020 Edge on 
[102] 020 Visible 
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Table 6.6 The diffraction and edge on condition of (partial) slip systems in the α single phase 
micro-pillar of 1 μm diameter compressed along [0001] 
Beam 
direction 
g 
1/3 
[?̅?113] 
(2?̅??̅?2) 
Ⅱ  
1/3 
[2?̅??̅?3] 
(?̅?112) 
1/3 
[?̅??̅?2𝟑] 
(11?̅?2)  
Ⅰ  
1/3 
[11?̅?𝟑] 
(?̅??̅?22) 
Ⅲ  
1/3 
[?̅?𝟐?̅?𝟑] 
(1?̅?12) 
1/3 
[1?̅?1𝟑] 
(?̅?𝟐?̅?2) 
[2?̅??̅?0] 
0002̅ Visible Visible Visible Visible Visible Visible 
01̅10 Invisible Invisible Visible Visible Visible Visible 
[4?̅??̅??̅?] 01̅10 Invisible Invisible Edge on Visible Edge on  Visible 
[1?̅?00] 0002 Visible Visible Edge on Edge on Visible Visible 
[10?̅?0] 0002 Visible Visible Visible Visible Edge on Edge on 
 
Table 6.7 The diffraction and edge on condition of slip systems in the α phase in the α/β micro-
pillar of 1 μm diameter compressed along [0001]  α // [101] β. 
Beam 
direction 
g 
Ⅰ  
1/3 [2?̅??̅?3] 
(?̅?112) 
Ⅱ  
1/3[1?̅?13] 
(01?̅?1) 
Ⅱ  
1/3[?̅??̅?23] 
(01?̅?1) 
[2?̅??̅?0] 
0002̅ Visible Edge on Edge on 
01̅10 Invisible Visible Visible 
[4?̅??̅??̅?] 11̅02 Visible Visible Visible 
[?̅?100] 0002̅ Visible Visible Visible 
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Table 6.8 The diffraction and edge on condition of slip systems in α phase in the α/β micro-pillar 
of 2 μm diameter compressed along [0001]  α // [101] β 
Beam 
direction 
g 
1/3 
[?̅?113] 
(2?̅??̅?2) 
Ⅲ  
1/3 
[2?̅??̅?3] 
(?̅?112) 
Ⅰ  
1/3 
[?̅??̅?2𝟑] 
(11?̅?2)  
1/3 
[11?̅?𝟑] 
(?̅??̅?22) 
Ⅱ  
1/3 
[?̅?𝟐?̅?𝟑] 
(1?̅?12) 
1/3 
[1?̅?1𝟑] 
(?̅?𝟐?̅?2) 
[2?̅??̅?0] 
0002̅ Visible Visible Visible Visible Visible Visible 
01̅10 Invisible Invisible Visible Visible Visible Visible 
[4?̅??̅??̅?] 11̅02 Visible Visible Edge on  Visible Edge on  Visible 
[1?̅?00] 0002 Visible Visible Edge on Edge on Visible Visible 
 
Table 6.9 The diffraction and edge on condition of slip systems in the α phase in the α/β micro-
pillar of 3 μm diameter compressed along [0001]  α // [101] β 
Beam direction g 
Ⅰ  
1/3 [?̅??̅?2𝟑] 
(11?̅?2) 
Ⅱ  
1/3[1?̅?13] 
(01?̅?1) 
Ⅱ  
1/3[?̅??̅?23] 
(01?̅?1) 
[2?̅??̅?0] 0002̅ Visible Edge on Edge on 
[4?̅??̅??̅?] 11̅02 Edge on Visible Visible 
[1?̅?00] 0002̅ Visible Visible Visible 
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Table 6.10 The diffraction and edge on condition of slip systems β phase in the α/β micro-pillar of 
3 μm diameter compressed along [0001]  α // [101] β 
Beam direction g 
Slip system 
1/2[111](1?̅?1) 
Slip system 
1/2[1?̅?1](121) 
[10?̅?] 1̅01̅ Edge on Edge on 
[11?̅?] 
11̅0 Invisible Visible 
011 Visible Invisible 
 
 
 
Table 6.11 The diffraction and edge on condition of slip systems in the micro-pillar containing β 
phase in majority of 3 μm diameter compressed along [0001]  α // [101] β 
Beam direction g 
Slip system 
1/2[111](1?̅?1) 
Slip system 
1/2[1?̅?1](121) 
[10?̅?] 02̅0 Edge on Edge on 
[11?̅?] 
11̅0 Invisible Visible 
011 Visible Invisible 
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Chapter 7 Discussion 
For the sake of simplicity of discussion, the micro-pillars are named in the following 
groups:  
• Group 1 (G1): α single phase micro-pillars compressed along [11̅00] of 
diameters ranging from 0.5 to 5 µm.  
• Group 2 (G2): α/β micro-pillars compressed along [11̅00] α // [101̅] β of 
diameters ranging from 1 to 5 µm.  
• Group 3 (G3): α single phase micro-pillars compressed along [0001] of 
diameters ranging from 0.5 to 5 µm. 
• Group 4 (G4): α/β micro-pillars compressed along [0001] α // [101] β of 
diameters ranging from 1 to 5 µm. 
• Group 5 (G5): α/β micro-pillars containing large volume fraction of β phase 
compressed along [0001] α // [101] β of diameters 3 µm. 
7.1 β phase and α/β interfaces effects on the strength 
Before the discussion of the strength measured and its relationship with the β phase 
and α/β interfaces, the morphologies and constitutions of phases in the micro-pillars 
and the difference induced in these groups of micro-pillars should be clarified first, 
as these differences are the main reasons for the different strength values measured 
between this thesis and other literature [10, 52, 84] when β phase and α/β interfaces 
are introduced.  
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7.1.1 Micro-pillars compressed along [1?̅?00] α // [10?̅?] β 
To show the difference, the CRSS values measured in this thesis and literature [84] 
are plotted in Figure 7-1. In the present work, the a1 prismatic slip is the 
predominant slip system observed in the α phase in both G1 and G2 micro-pillars. 
G1 are the single α micro-pillars which are comparable with the Ti-6Al micro-
cantilever sample [84]. Because of the symmetry of a1, a2 and a3 in the α phase, the 
CRSS values for a1 and a3 should be similar, which is proved in Figure 7-1. 
However, the results of G2 show the difference. G2 are the micro-pillars with the 
structure that top and bottom are α and a β layer in the middle, which are comparable 
with the Ti-6Al micro-cantilever sample [84]. As shown in Figure 7-1, the CRSS 
of a3 prismatic slip in Ti-6Al-4V increased from about 483 MPa to 752 MPa when 
the cantilever width reduced from 5 μm to 1 μm, which is higher than CRSS 
measured from Ti-6Al (347 MPa at 5 μm and 612 MPa at 1 μm). On the contrary, 
the CRSS of a1 prismatic slip in Ti-6Al-4V increased from about 300 MPa to 356 
MPa when the cantilever width reduced from 5 μm to 1 μm, which is lower than 
CRSS measured from Ti-6Al [84]. The literature conclusion that Ti-6Al-4V 
samples orientated for the for the a3 prismatic slip have much higher CRSS values 
than the single α phase alloys (both CP-Ti and Ti-6Al) with the sample sizes 
between 1 μm and 10 μm did not count in the influence of β phase as its volume 
fraction is low and it could be negligible. They attributed this trend to the interface 
barrier effect for a3 prismatic slip [51]. However, even though the interface provides 
hardly any barrier effect for a1 prismatic slip, no literature shows the interfaces lead 
to lower CRSS values. Compared with the β phase in the bulk samples or micro-
samples (e.g. as mentioned in the literature [84]), it is a different situation in this 
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thesis that the β layer is relatively thick (~30% volume fraction in G2) and its 
influence cannot be negligible. In [11̅00] loading direction, the single α micro-pillar 
of 3 μm diameter has an average yield stress of 724 MPa, which is larger than the 
595 MPa average yield stress of the micro-pillar containing a β fillet of the same 
diameter. In G5, as the slip system activated in the β phase belongs to the same 
family as the slip system activated in G2, and the 615 MPa average yield stress 
measured in G5 is close to the value measured in G2. Therefore, when a micro-
pillar in G2 with such the structure was compressed, the β phase yields first as the 
β phase is weaker than the α phase. In other words, the yield stress measured in G2 
is also the yield stress for the β phase in this orientation. After the yield, as the 
dislocation analysis in the micro-pillar in Section 6.1.3, the α/β interface limited a 
certain amount of dislocations within their own original phases. It leads to an 
increase of dislocation densities and therefore forest hardening in the micro-pillars 
[80]. However, as shown in Figure 6-8, the interfaces inside the micro-pillar 
provided additional adequate dislocation sources compared with the micro-pillars 
without α/β interfaces.  A large number of dislocations breeding from the interfaces 
during plastic flow can weaken the micro-pillar [114]. Therefore, the role of α/β 
interface cannot be straightforwardly defined as strengthening or weakening as both 
effects exist for α/β interfaces. However, considering together with the weakening 
effect of the β phase, they exhibit overall weakening effect in the stress-strain curves 
of the micro-pillars in this group. 
7.1.2 Micro-pillars compressed along [0001] α // [101] β 
Unlike numbers of reports on the <a> slips, few data [10, 91] have been reported 
on the <c+a> slips in the Ti alloys micro-scale samples and can be used to compare 
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with G3 and G4. For example, the micro-scale samples in literature [10, 91] are 
with the 1st order pyramidal <c+a> slips activated. G3 are the single α micro-pillars 
with the 2nd order pyramidal <c+a> slips activated. G4 are micro-pillars with both 
the 1st and the 2nd order pyramidal <c+a> slips activated. The micro-pillars in this 
group have the structure that left and right side are α and a β layer is in the middle. 
In the micro-pillar with this structure, the α and β share the stress and yield at the 
same time during compression. However, when the micro-pillars were compressed 
along [0001], which is a stronger loading direction for h.c.p. crystal structure than 
the [11̅00] while the strength of β phase should be the same as slip systems activated 
in G2 and G4 belong to the same family. Therefore, the weakening effect of β phase 
is more obvious. In the results in Figure 7-3, the degree of weakening effect from  
phase is related with the volume fraction of  in the micro-pillars. The micro-pillars 
of 3 μm diameter have yield stress around 2394 MPa, while the pillars containing 
thin β fillet between two α have lower yield stress around 1745 MPa. The micro-
pillar containing β majority has yield stress only around 621 MPa. This value is 
very close to the yield stress of 3 μm diameter α/β micropillars compressed along 
[11̅00]. As the dislocation analysis in Chapter 6 proved, the β phase slip systems 
activated in micro-pillars compressed along [11̅00] and [0001] orientations are from 
the same family and have the same Schmid factor. Based on the yield stress and 
calculated Schmid factor in Table 4.3, the CRSS for 1/2[111̅] (1̅21) slip system in 
the β phase micro-pillar of 3 μm diameter is 280 MPa – 292 MPa. This value is 
smaller than the CRSS value for <a> prismatic 383 MPa and <c+a> the 2nd order 
pyramidal 1026 MPa in the micro-pillar with the same diameter. This coincidence 
confirmed that β phase is softer than α phase no matter along [11̅00] or [0001] 
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loading direction. Therefore, the G4 is expected to have the yield stress values 
between that for G3 and G5 which is proved by the stress-strain curves in Figure 
7-3.  
In summary, the micro-pillars show different strength based on the orientation and 
the morphology of the β phase and α/β interfaces within the micro-pillars. 
Controlling the β phase and α/β interfaces could be an important factor for 
controlling the strength of micro-scale samples and therefore improving the 
material properties in the future. 
7.2 Sample size effect on the strength 
After clarifying the influence of the β phase and α/β interfaces, the sample size 
effect and be discussed without influence by other factors. To describe the sample 
size effects on strength of G1, G2, G3 and G4 pillars, the relationship between their 
yield strength and diameters are plotted using the values based on the Equation 3.6, 
and their bulk sample yield strength was taken from literature listed in Table 3.1. 
The size effects on strength are summarized and shown in Figure 7-2 which is a 
log-log plot of the diameter of micro-pillars and the yield stresses. In Figure 7-2, 
the exponent of the power law fitting n is 0.61and 0.55 for G1 and G2 pillars, 
respectively. These values are close to the n = 0.5 reported in micro-cantilevers 
oriented for prismatic <a> slip in titanium micro-pillars [92] and these values also 
agree with the report [14] that size effect between CRSS and micro-cantilever width 
in polycrystalline samples have smaller n value than single phase samples (0.29 for 
single α and 0.21 for α+β micro-cantilever). For G3 and G4 pillars, the sample size 
effects are much less significant with the n values 0.12 and 0.11 respectively. 
Several points of interesting between these groups of results will be discussed 
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below.  
7.2.1 Orientation perspective 
From a perspective, the reason for different sample size effect could be discussed 
based on the orientations, as the effect of orientation on the yield strength measured 
in single α phase micro-pillars is mainly due to the activation of the difference of 
slip systems, similar to that reported in the bulk sample [24]. In Figure 7-2, the 
scaling exponents n show G1 has a more prominent sample size effect than G3. 
Similar results have been obtained when beta phase was included in the sample (i.e. 
G2 and G4). G2 has a larger scaling exponent than G4. This trend can be explained 
by the different dislocation densities in a different orientation. In micro-pillars in 
G1 and G2, the dislocations densities are much lower than micro-pillars in G3 and 
G3 at the same strain level. This is caused by the fewer slip systems (dominant a1 
prismatic slip system with few a2 prismatic slip system) activated in the micro-
pillars in G1 and G2 than the number of slip systems (usually more than 3 sets of 
<c+a> slip systems) in micro-pillars in G3 and G4. Therefore, based on the 
explanation of sample size effect exponent n as mentioned in literature [94], the 
mechanism of dislocation source activation was dominant in G1 and G2 compared 
with the mechanism of dislocation forest hardening or dislocation multiplication in 
G3 and G4. According to Equation 3-7, micro-pillars controlled by dislocation 
forest hardening usually reveal the weaker sample size effect than the dislocation 
source activation [94], due to the low effective dislocations nucleation rate α.  As 
the STEM images indicated in section 6.1, in G1, or G2, when sample diameters 
decreased, the dislocation density left in the micro-pillars clearly decreased. There 
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are not many barriers on their way to escape. To continue the plastic deformation, 
multiple slip bands generated from new sources which increased the stress needed. 
However, in the STEM images of G3 and G4 in Section 6.2, even though there is 
also a trend of dislocation density decrease with micro-pillar diameter, the 
dislocations were still intertwined in the micro-pillar and it may not stop them 
sliding to sample surface. There is also no evidence showing the new dislocations 
sources. Therefore, the micro-pillars with <c+a> type slips activated has a lower 
scale of size effect. 
7.2.2 The β phase and α/β interface perspective 
The influence of the β phase and α/β interface has been observed in literature [84] 
but without any explanation. Generally, it can be described as the β phase and α/β 
interface can reduce the size effect exponent n. Similar difference of sample size 
effect caused by the effects of β phase and α/β interface between G1/G2 or G3/G4 
were observed in the current work. Combining the TEM observation, the reason 
was explained as follow. When micro-pillar size decreased, the effect of β phase 
weakening effect is not changed as its volume percentage was controlled relatively 
constant in G2/G4. The strengthening effect of the α/β interface is not changed as it 
still blocked the way of dislocations slide along some orientations. However, the 
weakening effect of α/β interface was reduced in G2 as the length of interfaces 
decreased with the sample size decreased, which means the interfaces provide 
dislocation sources than that in the micro-pillars of larger diameter. This change can 
be seen that in Figure 6-16 the dislocations generated in β phase was from the micro-
pillar side surface instead of α/β interface, and in Figure 6-20 there is no evidence 
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shown dislocations originated from α/β interface. Because the weakening effect was 
reduced, the G2 showed smaller size effect scale than G1. However, this situation 
does not exist between G3 and G4. That is explained why not much difference on 
the size effect scales between these two groups of micro-pillars. 
7.3 Work hardening 
In the literature, there is not a clear definition on the “strength” researchers used 
when they studied the sample size effect on the strength. CRSS [84] or flow stress 
at a large strain level such as 7.5% strain [85] were used in different researches. 
Theoretically, the latter results should be affected by the different work-hardening 
rates and then shown different conclusions from the former. When discussing size 
effect, choosing the flow stress at different strain can get different scales of size 
effect.  
For example, the different changes in work hardening rates with sample sizes 
between G1 and G2 as Figure 7-4 shows. In Figure 7-4 (a), the work hardening rate 
decreased from 5.33 GPa to -4.65 GPa when micro-pillar diameters reduced from 
5 µm to 0.5 µm. Although the size effect strengthened the yield stress at the 
beginning, the work-hardening rates decreased to negative with the micro-pillar 
diameter decreased. Inversely in Figure 7-4 (b), the work hardening rate increased 
from -5.33 GPa to 10.24 GPa when micro-pillar diameters reduced from 5 µm to 
0.5 µm. Similar trends can be found in the literature on the sample size effect in CP-
Ti micro-pillars [92] and Ti-6Al-4V micro-cantilevers [84] but not much words 
mentioned the work-hardening difference between the stress-strain curves. Based 
on the TEM analysis in section 6.1.1 and 6.1.2, the difference can be explained by 
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that the dislocations can escape to the free surface easily in the smaller pillars (e.g. 
1 µm). There is less chance for a1 and a2 prismatic slips to block each other, and 
therefore weaker hardening effect which happened in larger pillars. When the α/β 
interfaces exist, they have the chance to interact with some of the dislocations 
during their escape to the surface. With the sample size decreasing (comparing 
Figure 6-8 (a) and Figure 6-15(c)), the possibility of dislocations interacting with 
the interface increased. As mentioned earlier, the interaction between dislocations 
and interfaces can lead to strengthening. Therefore, smaller sample size leads to the 
higher the work-hardening rate.  
However, G3 in Figure 5-5 and G4 in Figure 5-7 shows the situation is different. 
The micro-pillars compressed along [0001] loading directions always show a 
constant work-hardening rate. Similar results can be found in literature about Ti-
6Al-4V micro-cantilever bending tests [10], and again no words mentioned the 
work-hardening difference with that in [11̅00] loading direction. Based on the TEM 
observation, the dislocations in G3 cannot escape the micro-pillars as easily as in 
G1 because of the dislocations forest when sample sizes decrease, and therefore 
there is an increase of work-hardening rates. In G4, there is almost no change of 
work-hardening rate with micro-pillar size. It may be the counteraction result of the 
strengthening of the dislocation interaction in the orientation and weakening from 
the β phase. The post-mortem TEM results are inadequate to reveal the interaction 
of the dislocations during the plastic deformation and further detailed studies are 
needed.  
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7.4 Strain bursts 
The “strain burst” is the phenomenon that strain of micro-pillar increases suddenly 
during the plastic deformation. It is the reflection of a surface slip step was produced 
by large numbers of dislocations reached the micro-pillar side wall [80]. The more 
dislocations glide in the slip band, the larger strain burst it has. In this project, the 
micro-pillars were compressed in “displacement-control” mode which inhibits the 
strain change dramatically. However, this equivalent phenomenon still exists and it 
is displayed in another way as the “stress drop” in the stress-strain curves plotted. 
The surface step was produced to generate a strain burst which is faster than the set 
strain rate, while at the same time the micro-compression test machine keeps the set 
strain rate will generate an instant decrease of load and therefore the drop of stress. 
After the dislocations moved out of the micro-pillar, the micro-pillar changed into 
a relatively fewer defects condition. To accommodate the following plastic 
deformation, it requires higher stress to nucleate and move new dislocations [1, 56], 
and this causes a following stress increase after the strain burst. Therefore, the 
stress-strain curves usually show the serration of stress when strain burst to happen. 
Different strain bursts are shown in the different groups of micro-pillars. The three 
main differences are discussed below. 
Firstly, the sample with smaller size expressed the larger strain burst in the stress-
strain curves. Taking the stress-strain curves of G1 as an example, the smaller 
micro-pillar shows more obvious strain bursts. This is because, on the one hand, the 
dislocations can escape to the sample surface and cause a strain burst more easily 
in the smaller pillars than the larger ones. On the other hand, even the same size slip 
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step in the smaller micro-pillars are relatively larger and more obvious than in the 
larger sized micro-pillars. 
Secondly, the orientation influences the number and magnitude of strain bursts. 
Comparing with G1, the stress-strain curves of G3 show much smaller strain bursts 
at an early stage of plastic deformation. At the same strain percentage, the <c+a> 
pyramidal slips activated in G3 have fewer slip bands move through the micro-
pillars to their surface than the <a> prismatic slip activated in G1. On the one hand, 
the <c+a> dislocations in G3 were intertwined and hindered each other moving 
towards sample surface to generate a slip step and a strain burst in the stress-strain 
curve, which did not happen in G1. On the other hand, as the measured CRSS for 
micro-pillar of 3 um diameter in G1 is 724 MPa and for micro-pillar of 3 um 
diameter in G3 is 2114 MPa, the localized stress in G3 is much higher than G1. 
Because the number of slip bands produced in a crystal depends on the applied 
stress [115], dislocations move concentrating on one shear band in G3 instead of 
separating in several shear bands in G1. This also explained why there is a large 
strain burst strain in 3 µm micro-pillar but no strain burst in the 1 µm micro-pillars 
in Figure 5-5. As the 1 µm micro-pillars has higher strength, it required larger strain 
than the 3 µm micro-pillars to generate a higher local localized stress to shear the 
micro-pillar. 
Thirdly, the α/β interface suppressed the strain burst happening. In the stress-strain 
curves in Figure 7-3, the stress-strain curves of single α micro-pillars or major β 
micro-pillars shown more serrations (at the first 2% strain after yielding) than the 
micro-pillars containing β fillet between two α. It is similar in the micro-pillars with 
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the [11̅00] orientation as well. The serration in the stress-strain curves of micro-
pillars indicates dislocations activated and glided through these micro-pillars and 
produced strain bursts, but it is difficult to have such strain bursts in the micro-
pillars containing a β fillet between two α. It was proved in the SEM images in 
Figure 5-6 and Figure 5-8 at same strain percentage, there are more observable slip 
traces on the side face of single α micro-pillars than micro-pillars containing a β 
fillet between two α. This phenomenon could be explained by the TEM samples 
analysis. As Figure 6-25 (a) shown, the α/β interface limited most of the dislocations 
within their own original phases because of no well-aligned slip systems on both 
sides of the α/β interface at the low strain (~2%). These limited dislocations cannot 
reach the free surface of the micro-pillars to generated a strain burst. When the flow 
stress is large enough to allow a slip band to penetrate both the interface and the 
dislocation forest through the whole micro-pillar, a large stress drop like the drop 
from 3000 MPa to 2250 MPa in the black curve in Figure 7-3 will appear. However, 
the dislocations in the micro-pillar without interface only need to penetrate the 
block of dislocation forest, and the micro-pillar without interface has no decreasing 
stress introduced by the β phase. Therefore, the green curves (micro-pillar with the 
interface) shows no stress drop at ~5% plastic strain compared with the black curve 
(micro-pillar without interface) in Figure 7-3. 
  
 134 
 
 
 
 
 
Figure 7-1 The CRSS values of G1/G2 and Ti-6Al/Ti-6Al-4V [84] in the micro-scale samples When 
the β phase and α/β interfaces are introduced into the sample, samples in G2 with a1 dislocations 
show lower CRSS than samples in G1 with a1 dislocations. On the contrary, samples with a3 
dislocations (α+β Ti-6Al-4V [84]) show higher CRSS than α Ti-6Al samples with a3 dislocations. 
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Figure 7-2 Log-log plot of yield stress vs. diameter (the line is the linear fit of calculated data) of 
the compressed micro-pillars different loading direction. Micro-pillars with [11̅00] loading 
direction show stronger sample size effect. 
 
 
Figure 7-3 Stress-strain curves of the compressed 3 μm micro-pillars containing only α (black 
curve) and β fillet between two α phases (green curve) and β phase in the majority (red curve) 
compressed along [0001] // [101]. Their strength of micro-pillar is related to the volume fraction 
of β phase in them. 
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Figure 7-4 The work hardening rate in different sizes of micro-pillars with a prismatic slip. (a) 
The α single phase micro-pillars. The work hardening rate decreased from 5.33 GPa to -4.65 GPa 
when micro-pillar diameters reduced from 5 µm to 0.5 µm. (b) The α/β micro-pillar. The work 
hardening rate increased from -5.33 GPa to 10.24 GPa when micro-pillar diameters reduced from 
5 µm to 0.5 µm.  
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Chapter 8 Conclusion and future work 
8.1 Conclusions 
Based on the micro-compression test and TEM analysis of the plastically deformed 
micro-pillars, the following conclusions can be drawn: 
1. The β phase and the α/β interfaces within the micro-pillars are factors that 
have an influence on the strength of micro-scale samples. Because the β 
phase is weaker than the α phase and the α/β interfaces behaviour as both 
the barriers and sources of dislocations, the magnitude of influence 
depending on the volume fraction, orientation and morphology of the β 
phase and the α/β interfaces. 
2. Both the single α phase and α/β two phases Ti-6Al-4V micro-pillars 
revealed size effect on strength. The orientation, volume fraction of β phase 
and the α/β interface have effects on the strength of micro-pillars and the 
scaling exponents of the sample size effect. 
3. The work-hardening rate is related to the orientation of micro-pillars and the 
α/β interfaces in the micro-pillars. 
4. The strain bursts can be suppressed by the α/β interface and smaller sample 
size. The sample with smaller size expressed the larger strain burst in the 
stress-strain curves. The orientation influences the number and magnitude 
of strain bursts. 
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8.2 Future work 
Based on the limitations of the current work, suggestions for future work are 
summarized as follows. 
• Although micro-pillars compressed to different strain level is helpful for 
understanding the dislocations movement in the micro-pillars, it is still 
difficult to observe the dislocations from the beginning of their generation. 
An in-situ TEM compression test may give more detailed and 
straightforward evidence of the α/β interface behaviour in the dislocation 
generation and transmission, especially for the <c+a> type slips which are 
complicated to be analyzed in the post-mortem TEM.  
• A more accurate micro-pillar fabrication method should be applied to 
minimize the dimension difference between micro-pillars with the same 
conditions. For example, using lathe milling can reduce the taper angle of 
the side wall of micro-pillars or the unevenness of the top surface [116]. 
This is a method for getting accurate and comparable mechanical tests 
results, which means a more accurate analysis of the strength and then their 
sample size effect.  
• Crystal plasticity modelling predictions of elastic-plastic response, slip 
activation, stress relaxation, and strain localization in the micro-pillars 
would be another path to validate the observation of the mechanical 
properties, the effect of β morphologies, the effect of orientations and the 
interfaces behaviours.  
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Appendix Lattice Invariant Line Calculation 
Following Damen’s method [34], the Burgers OR lattice correspondence is set to 
the coordinate (X, Y, Z) = ([0001] α// [101] β, [1̅100] α // [1̅01] β, [112̅0] α // [001] β). 
Transformation matrix A is linear homogeneous transformation and can be 
decomposed into a rigid body rotation R through angle θ around X axis [0001]α // 
[110] β and a pure deformation D, in which a, b, c are relatively the X, Y, Z 
components of transformation strain. u is lattice invariant line.  
In the new coordinate system, the pure deformation can be described as  
D = 
(
 
 
𝑐𝛼
√2𝑎𝛽
0 0
0 √
3
2
𝑎𝛼
𝑎𝛽
0
0 0
𝑎𝛼
𝑎𝛽)
  
 
 
= (
𝑎 0 0
0 𝑏 0
0 0 𝑐
)                                                         (1) 
A can be described as 
A = RD = (
1 0 0
0 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
0 −𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
)(
𝑎 0 0
0 𝑏 0
0 0 𝑐
)                                  (2) 
= (
𝑎 0 0
0 𝑏 𝑐𝑜𝑠𝜃 𝑐 𝑠𝑖𝑛𝜃
0 −𝑏 𝑠𝑖𝑛𝜃 𝑐 𝑐𝑜𝑠𝜃
) 
From the definition of lattice invariant line,  
Au = u                                                                (3) 
⇒ (A-1)u = 0  
⇒ Δ |
𝑏𝑐𝑜𝑠𝜃 − 1 𝑐𝑠𝑖𝑛𝜃
−𝑏𝑠𝑖𝑛𝜃 𝑐𝑐𝑜𝑠𝜃 − 1
| = 0 
⇒ cosθ = 
1+𝑏𝑐
𝑏+𝑐
                                                          (4) 
аα = 0.2925 nm, cα = 0.4670 nm, аβ = 0.319 nm for slowly furnance cooled Ti-6Al-
4V [13] 
⇒ θ = 5.74° (5.78° for Ti-Cr alloy in literature [37]) 
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Substituting the value of θ into equition (3) 
⇒ u = 
0
−1.2806
1
 
Converting it to the vector in crystallographic coordinate of β phase,  
u = 
−1
−1.2806√2
1
 ≈ [3̅5̅3] β // [7̅250]α 
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